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Action understanding is a proposed foundation for communicative development, 
such that infants can apply a similar process of interpreting the goal-structure of actions 
to the understanding of others’ gestures as well as spoken language. The mirror neuron 
system, as indexed by activation of the motor system during both performance and 
observation of actions, has been implicated as a neural correlate for action understanding, 
and may be recruited for understanding both gestures and speech. One’s experience with 
actions influences action understanding measured both behaviorally and neurally. This 
dissertation examines whether experience with gestures is related to recruitment of the 
mirror neuron system during observation of gestures in infancy, and whether individual 
differences in this activity might be related to or support communicative development. 
Mirror neuron system activity was measured in 10- to 12-month-old infants while they 
observed an experimenter producing gestures. Their experience with gestures was 
manipulated through a parent-directed intervention aimed at increasing parents’ use of 
  
pointing gestures with their child. Infant-parent dyads visited the lab twice. At the first 
visit, parent and infant pointing gesture production, infant vocabulary, and infant mirror 
neuron system activity were measured. Next, parents were randomly assigned to either 
receive the gesture intervention, or to a passive control group. One month after training, 
parent pointing, infant pointing and vocabulary, and infant mirror neuron system activity 
were reassessed. Infant vocabulary was measured a final time one month after the post-
training follow-up. The findings suggest that the mirror neuron system plays a role in 
infants’ communicative development, and that experience with gestures can impact the 
mirror neuron system response when observing others’ gesture. Infants in the training 
group showed stronger mirror neuron system activity at follow-up compared to those in 
the control group. Increases in parents’ pointing production predicted increases in infants’ 
mirror neuron system activity, which in turn was related to increases in infants’ receptive 
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Chapter 1: Introduction 
“Society not only continues to exist by transmission, by 
communication, but it may fairly be said to exist in 
transmission, in communication. There is more than a 
verbal tie between the words common, community, and 
communication.” – John Dewey 
 
 The latter half of the first year of life has long been of interest in developmental 
research, due in large part to the profusion of development that occurs in such a relatively 
short period of time. The ability to understand and intentionally communicate with one’s 
social partners is arguably one of the most important of these developmental 
achievements, starting a snowballing effect of language development which can have a 
far reaching impact on social, cognitive, and academic achievements throughout 
childhood. In this way, the ability to communicate is seen as a launching point in 
development. However, it has been suggested that the ability to communicate itself 
derives from an earlier ability to understand and interpret others’ actions (e.g., 
Woodward, 2004). Action understanding is linked to important social cognitive advances, 
such as imitation and Theory of Mind, and, important for the current study, to the 
development of communicative skills (e.g., Brooks & Meltzoff, 2008). Critically, 
gestures have been cited as an important intermediary in this process (Capirci, Contaldo, 
Caselli, & Volterra, 2005), such that infants are able to extend their understanding of 
actions to communicative gestures, which in turn supports their understanding of spoken 
language. Specifically, gestures support a transition from an earlier ability for interpreting 
concrete actions with visible consequences, to the more difficult process of interpreting 
spoken words which are completely abstract, often arbitrary, and have no visible 




language through gesture is that they are all supported by the same processes of 
understanding reference, goals, and intentions (Woodward, 2004). 
 The mirror neuron system (MNS), characterized by resonant activation of the 
motor system during observation of actions, has been implicated as a neural correlate for 
action understanding (Rizzolatti & Fabbri-Destro, 2008), and there is a growing body of 
evidence in support of this interpretation (e.g., Caspers, Zilles, Laird, & Eickhoff, 2010; 
Cattaneo, Sandrini, & Schwarzbach, 2010; Stadler et al., 2012). Further, there is a small 
but growing body of research linking MNS activity and the understanding of 
communicative acts, including both gestures and speech (Moreno et al., 2015; Moreno, 
de Vega, & León, 2013; Schippers, Gazzola, Goebel, & Keysers, 2009). However, it 
remains an open question as to whether this system also supports the development of 
communicative skills, either verbal or nonverbal. The purpose of the current study is to 
ask just that question. Specifically, I examined whether there is a link between activity of 
the MNS and the development of early communicative skills, such as the use of gestures 
and growing one’s vocabulary, in search of evidence for recruitment of the MNS in both 
action understanding and communication and for the theorized link between action 
understanding and communication.  
 In addition, there is also growing evidence that experience with a variety of 
actions is related to both action understanding and also to the strength of MNS activity 
during observation of actions (de Klerk, Johnson, Heyes, & Southgate, 2015; van Elk, 
van Schie, Hunnius, Vesper, & Bekkering, 2008). Several studies have shown that when 
a person has greater physical experience with a specific action, their representation of that 




Sommerville, Woodward, & Needham, 2005), and neurally (Cannon et al., 2014; van Elk 
et al., 2008), is stronger. However, this link between experience and MNS activity in 
infancy is not fully understood, further it is unknown whether experience with 
communicative gestures might have cascading effects on the developing MNS system 
and/or on subsequent communicative development. 
The goals of the present study were three-fold. First, to examine whether infants 
show similar MNS activity when observing a communicative gesture as they do when 
observing a typical object-directed action. Second, to examine the relations between 
infants’ MNS activation and their communicative skill, both in terms of gesture and 
vocabulary. The third and final goal was to examine the effect of experience on MNS 
activation and potential subsequent effects on developing communicative skills. 
Specifically, I sought to address whether experimentally manipulating infants’ experience 
with specific communicative gestures, pointing gestures, would increase the MNS 
response to those gestures and in turn have a positive influence on infants’ further 
communicative development.  
Study Overview 
 In order to address the above goals, I employed a randomized experimental design 
with a longitudinal aspect. At the first assessment, MNS activity, pointing gesture 
production, and vocabulary were assessed in 81 10- to 12-month-old infants. At the same 
time, parents’ natural pointing production was also assessed. These baseline measures 
were examined to see whether there was a relation between infant’s experience with 
pointing gestures, either first-hand experience or observational experience, and their 




activity and vocabulary. Next parents were randomly assigned to either receive a parent-
directed training aimed at increasing parents’ use of pointing gestures with their child, or 
to a passive control group. One main reason for focusing on pointing gestures for the 
current study is because the mechanical properties of points are similar to those of 
grasping actions, which are typical object-directed actions used in study of the MNS, 
without being overly similar (such as with a showing gesture which subsumes a grasp). 
Further points are the most common communicative gesture in parent-child interaction in 
infancy, and children of this age are shown to be able to follow others’ pointing gestures. 
In addition to points, MNS activity was measured during observation and execution of 
grasps and used as a comparison in the current study. Infants’ MNS activity was 
measured as desynchronization of the mu rhythm as captured via electroencephalogram 
(EEG). The EEG mu rhythm captures fluctuation of the sensorimotor cortex during both 
observation and execution of actions, and has been shown to effectively measure 
sensorimotor activity across the lifespan (Cuevas, Cannon, Yoo, & Fox, 2014; Fox et al., 
2016). One month after the training, parent pointing, infant pointing and vocabulary, and 
infant MNS activity were reassessed. In addition, infant vocabulary was measured again 







 The specific research questions and supporting predictions to address the study 
goals as stated above are as follows:  
(1) Do infants exhibit MNS activity, as indexed by mu rhythm desynchronization, 
during observation of communicative pointing gestures? And, if so, how does that 
activity compare to their MNS activity during observation and execution of non-
communicative grasping actions? 
 Previous research has found MNS activity in adults during observation of 
communicative gestures (Quandt, Marshall, Shipley, Beilock, & Goldin-Meadow, 2012; 
Schippers et al., 2009). Further, the theoretical basis for this study posits similar 
recognition and interpretation processes during the observation of both actions and 
gestures (Rizzolatti & Arbib, 1998; Woodward, 2004). Thus, it was predicted that infants 
would exhibit mu rhythm desynchronization during observation of pointing gestures, and 
that this activity would be similar to that exhibited during both observation and execution 
of grasping actions. 




(2) What is the relation between infants’ MNS activity during observation of pointing 
gestures and their experience with pointing gestures, at baseline? 
This question is two-fold: that is, examining the relation between infants’ first-
hand experience producing points and their MNS activity, as indexed by mu rhythm 
desynchronization, and the relation between their observational experience with parental 
pointing gestures and MNS activity. The majority of the research linking experience with 
strength of the MNS has focused on first-hand experience, and as such I expected that 
infants who had greater first-hand experience, those who were producing more pointing 
gestures, would also exhibit stronger MNS activity during observation of pointing 
gestures.  However, first-hand experience may not be the only important predictor. For 
instance, de Klerk and colleagues (2016) found that pre-walking infants exhibited mu 
rhythm desynchronization to videos of other infants walking, suggesting there may be an 
effect of observational experience on the MNS system as well. While there is little 
research to draw directly from to inform my hypothesis for the latter question, I expected 
that infants’ observational experience with gestures, as indexed by parents’ production of 
pointing gestures, would also be related to infants’ MNS activity during observation of 
points. Specifically, that infants of parents who produce more points would exhibit 
stronger mu rhythm desynchronization when observing pointing gestures. 
(3) What is the relation between infants’ MNS activity during observation of pointing 
gestures and their language ability, at baseline?  
No research has yet examined a relation between MNS activity and language 
ability in infancy. However, one study (Filippi et al., 2016) found that infants’ mu rhythm 




imitation of the experimenter’s goal, a measure of action understanding that has been 
linked with the development of language (e.g., Charman et al., 2000). Thus, I expected to 
find a relation between MNS activity and infants’ language skill such that infants with 
stronger mu rhythm desynchronization would also have larger vocabularies.  
(4) Does increasing infants’ experience with pointing gestures lead to greater MNS 
activity during observation of points? 
 Previous research has shown that experience with specific actions leads to greater 
understanding in infants (e.g., Cannon et al., 2012; Sommerville et al., 2005) and stronger 
MNS activity, as indexed by mu rhythm desynchronization, during observations of those 
actions in adults (e.g., Cannon et al., 2014). However, no studies have been done to 
examine whether experimentally manipulating experience with a gesture, will lead to 
changes in mu rhythm desynchronization during observation of that same gesture in 
infancy. While work with both adults and infants suggests that first-hand experience may 
be the most effective in increasing MNS activity (Cannon et al., 2014; van Elk et al., 
2008), recent research suggests that observational experience may also be related to MNS 
activity (de Klerk et al., 2016). Thus, I predicted that increasing infant’s observational, 
and potentially also their first-hand, experience with pointing gestures through a parent 
mediated intervention would lead to greater mu rhythm desynchronization during 
observation of points. 
(5) Does increasing infants’ experience with pointing gestures lead to increases in 
their communicative skill? 
Building from the theoretical framework outlined thus far, experience promotes 




with more communicative pointing gesture experience should promote both their 
understanding of those gestures as well as their ability to communicate. Thus, I examined 
changes in infant pointing production and their developing vocabulary as a function of 
the parent-mediated intervention. I predicted that children in the training group would 
produce more points as compared to their peers in the control group, after the training. 
Further, I expected to see larger vocabularies at follow-up and more growth in 
vocabularies over the course of the study for those infants’ whose parents received the 
training as compared to those infants’ in the control group. 
(6) Does infants’ MNS activity during observation of pointing gestures mediate the 
relation between experience with points and their developing vocabulary?  
This final question builds upon the previous two questions by directly examining 
whether the predicted changes in MNS activity, due to increased experience with 
pointing gestures, would in turn predict changes in infants’ own vocabulary growth. I 
expected that changes in MNS activity, as indexed by mu rhythm desynchronization, 
would mediate the relation between parent pointing and infant vocabulary growth. See 
Figure 2 for a conceptualization of the predicted relations. This would be the first explicit 






Figure 2. Conceptualization of the predicted relations between pointing 





Chapter 2: Background 
 
In the current chapter, I present the theoretical and empirical work linking action 
understanding and the development of communication, with a specific focus on the role 
that gestures play as an intermediary and on MNS activity as an underlying neural 
correlate. In the first section I consider the theories and empirical evidence for a relation 
between action understanding and communicative development. This section highlights 
the notion that action understanding precedes and supports communication, and more 
specifically, that communicative skills, including both gesture and spoken language, rely 
at least in part on the same cognitive system utilized in processing and interpreting 
others’ actions. That is, that gestures and words are interpreted as a special case of 
actions. I further discuss why gestures are an important stepping-stone in the 
development from action understanding to language understanding. Next, I review the 
relevant literature linking the neural action-perception system, specifically activation of 
the sensorimotor regions, with action understanding, followed by a review of the limited 
research linking MNS activity and communication. I end this section with a review of the 
research on the link between MNS responses and action understanding in infancy. This 
section highlights the notion that incorporating the research on recruitment of the MNS as 
a neural correlate for action understanding can provide unique insight into the relation 
between action understanding and communication (Rizzolatti & Arbib, 1998). 
Specifically, that both actions and language are supported by a similar underlying neural 




actions both bolsters one’s understanding of those actions and also leads to changes in 
MNS activity, supporting the notion that experience plays a crucial role in the 
developmental cascade from actions to communication.  
Action Understanding and Communication 
Action understanding, what it means and how it develops, has received much 
attention in developmental research in part because it is viewed as one of the most 
fundamental abilities in early social-cognitive development. For example, there is a 
growing body of evidence linking early action understanding with later Theory of Mind 
(Brooks & Meltzoff, 2015; Charman et al., 2000; Wellman, Phillips, Dunphy-Lelii, & 
LaLonde, 2004). Likewise, action understanding has been linked to the development of 
language. In the following sections I will discuss several intersecting theories that 
propose or support a link between these two constructs, followed by a review of the 
empirical evidence.  
 Many theories attempt to explain what supports infants in learning to 
communicate. One such theory suggests that when infants are faced with the task of 
learning language they make use of the same mechanisms or processes that they use to 
understand others’ actions. As described by Woodward (2004, p. 150), “In the infant’s 
world, words are actions, and infants most likely draw on their understanding of action in 
making sense of words from the very beginning.” In fact, action and language are 
proposed to be overlapping systems, and the ability to communicate through language 
builds, both ontogenetically and phylogenetically, from the ability to understand the 




 An evolutionary argument has been put forth by several researchers (Corballis, 
2012; Hewes, 1973; Rizzolatti & Arbib, 1998; Tomasello, 2008). A significantly 
condensed version of the evolutionary argument unfolds as follows: Prehistoric (and 
prelingual) man learned that he could direct others’ attention through his physical 
movements (e.g., motioning toward a perceived object of threat), and in turn that others 
could direct his attention similarly. These physical movements gradually became more 
refined and specific and became used not only for directing attention but also to convey 
specific information. These actions, or what we would now refer to as communicative 
gestures, became the first medium for a human proto-language. According to this 
evolutionary theory of language development, as the use of gestures to communicate 
expanded and became somewhat ritualized, these gestures also became paired with 
vocalizations which exponentiated the number and specificity of ideas one could convey. 
Just as with gestures, vocalizations became increasingly fine-tuned and eventually 
became representations and means for communication all on their own. A similar 
timeline is proposed to unfold ontogenetically, such that infants first learn that actions 
(both their own and others’) can be used to direct attention, then that actions can be used 
to communicate information (e.g., gestures), and then that vocalizations, and more 
specifically words, can be used in the same way. 
 If a similar process is applied to both the understanding of actions and the 
understanding of words, what then is this process? What is the fundamental shared basis 
for both action understanding and the development of language? According to Tomasello 
(1995), it is the ability to understand the psychological relation between a person and an 




driven. In order to appropriately respond to an observed action, the infant must have an 
understanding of the actor’s intentions underlying that action. As such, understanding 
actions and responding accordingly relies on the infant’s ability to represent her own as 
well as her partner’s goal-related intentional behavior (Tomasello, Carpenter, Call, 
Behne, & Moll, 2005). When an infant is presented with an action, correct interpretation 
is based on an understanding of that action in terms of the outcomes it is designed to 
achieve (Tomasello, Kruger, & Ratner, 1993). An important aspect of this theory is that 
the infant first comes to understand herself as an intentional agent, and then recognizes 
that others are intentional agents as well. Several researchers have noted the coinciding 
development of infants’ action understanding and the cognitive skills acquired in 
accordance with Piaget’s sensorimotor stages (Piaget, 1952). The theory being that these 
cognitive achievements change the way the infant perceives her own and others’ 
behavior, as well as her understanding of the physical world. With an understanding of 
one’s agency and the effect that one can have on the environment, actions are perceived 
as being not necessarily performed in and of themselves, but as a means toward a 
particular end. Tying back to the idea of intention understanding, this supports the 
interpretation of actions in terms of the intended goals or ‘ends’. 
 The theory of embodied cognition (Shapiro, 2011) fits well with this idea in its 
emphasis on the importance of sensorimotor experiences in development (Overton, 
2006). According to the theory of embodied cognition, learning and development are 
supported by, and in some cases impossible without, direct sensorimotor interaction with 
the environment (Engel, Maye, Kurthen, & König, 2013; Foglia & Wilson, 2013). Acting 




sensorimotor information necessary to learn not only about the affordances of an object 
but also the affordances of one’s own actions. Further, the sensorimotor experience of 
observing others act also becomes linked to the sensorimotor experience of an infants’ 
own actions and in this way others’ actions become interpretable. 
Meltzoff has developed a similar theory in the developmental realm, the “Like 
Me” theory of social cognition (Meltzoff, 2007; Meltzoff & Gopnik, 1993). According to 
this theory, “the recognition of self–other equivalences is the foundation … of social 
cognition. The acts of the self and other are represented within a supramodal code, 
transcending and integrating sensory modalities. This provides infants with an 
interpretive framework for understanding the behavior they see” (Meltzoff, 2007, p. 126). 
Infants are able to recognize others’ behavior as ‘commensurate’ with their own actions, 
and this you-to-me matching allows the infant to use their own behavior and experiences 
as a basis for interpreting the behavior of others. 
 Combining these separate but related theories we are left with an ontogenetic 
developmental picture in which, through a process of sensorimotor exploration the 
infants’ intentional actions on the environment first become meaningful to her as she 
uncovers a sense of her own agency. Soon after, the actions produced around her become 
meaningful. Once an infant understands that the people around her are acting with 
intention, just as she can and does, every action becomes instilled with meaning and 
discovering that meaning becomes her task. This is crucial in learning language because 
to learn the meaning of a communicative symbol (i.e., a gesture or a word) one must 




an understanding of intentions is innate, but that this ability, once online supports 
language learning in the same way that it does the understanding of actions.  
 There currently exists only a limited body of research that has looked directly at a 
link between action understanding and later language skills. Researchers have used a 
range of behaviors to operationalize action understanding in infancy, including, but not 
limited to, gaze-following, point-following, predictive eye movements, and imitation. In 
2008, Brooks and Meltzoff found that gaze following measured in 10- to 11-month-olds 
predicted the rate of growth in vocabulary over the first two years of life. There is also 
evidence that gaze following measured at 12 months predicts vocabulary size measured at 
18 and 24 months (Tenenbaum, Sobel, Sheinkopf, Malle, & Morgan, 2015).  Studies with 
older infants have provided evidence that imitation is predictive of later language skill 
(Charman et al., 2000) and can even predict whether or not an infant exhibits later 
language delays (Zambrana, Ystrom, Schjølberg, & Pons, 2013). 
 Despite the limited research drawing a direct link between action understanding 
and language, findings from other areas of developmental research help to elucidate this 
relationship. For example, research in the realm of joint attention has found consistent 
relations, both concurrent and predictive, between a set of skills known as initiating and 
responding to joint attention and later language. Engaging in joint attention involves 
sharing attention with a partner to a third entity, such as when an infant is attending 
simultaneously to both a parent and a toy (Seibert, Hogan, & Mundy, 1982; Tomasello & 
Farrar, 1986). Following into bids for joint attention is referred to as responding to joint 
attention (RJA) and typically includes gaze and point following, while directing attention 




giving gestures (Mundy et al., 2003). Thus, RJA and IJA capture much of the behaviors 
used to measure infants’ action understanding, and research has found links between both 
RJA and IJA and developing language skills. A study with 14- to 17-month-olds (Mundy 
& Gomes, 1998) found that, above and beyond the effects of initial receptive language 
and general cognitive ability, RJA was a significant predictor of receptive language skill 
measured 16 months later. IJA on the other hand was a significant predictor of later 
expressive language. Markus, Mundy, Morales, Delgado, and Yale (2000) found 
evidence for RJA at 12-months predicting expressive vocabulary at both 18- and 21-
months, again above and beyond the effect of concurrent language skills and general 
cognitive development. Mundy and colleagues have even found evidence for RJA 
measured at 6-months predicting both receptive and expressive language skills as far out 
as 30 months (Morales et al., 2000; Morales, Mundy, & Rojas, 1998). Desrochers, 
Morissette, and Ricard (1995) measured the age of onset of pointing production and 
found that those infants who were pointing to initiate joint attention at 12-months had 
higher expressive (replicating Camaioni, Caselli, Longobardi, & Volterra, 1991) and 
receptive (replicating Bates, Benigni, Bretherton, Camaioni, & Volterra, 1979) language 
skills at 24 months than their peers who were not yet pointers at 12-months. 
The importance of gestures as an intermediary 
As alluded to above, gestures are thought to serve as an important intermediary 
between actions and language for infants (Capirci et al., 2005). According to this ‘gesture 
as intermediary’ hypothesis, infants extend their understanding of actions to 
communicative gestures, which in turn supports their understanding of spoken language. 




actions is applied to understanding gestures and eventually to word learning (Woodward, 
2004). Gestures, a form of nonverbal communication through physical movements of the 
body (Cartmill, Demir, & Goldin-Meadow, 2012)1, are pivotal in this developmental 
trajectory because they support a transition from the earlier ability for interpreting 
concrete object-directed actions, who’s consequences are often visible making inferences 
about the underlying intentions more accessible, to the more difficult process of 
interpreting spoken words which are completely abstract, often arbitrary, and have no 
visible consequence in the physical world. One study in which researchers observed the 
action, gesture, and language production of three infants starting at 10 months revealed 
interesting evidence for the link between actions, gestures, and language (Capirci et al., 
2005). Specifically, infants produced specific actions with objects (e.g., bringing an 
empty spoon to their mouth or pushing a toy car) prior to their use of gestures (e.g., 
bringing an empty hand to their mouth or making a pushing motion) or words (e.g., “eat” 
or “vroom vroom”) to indicate those same objects or actions. 
 Gestures share important aspects with both actions and words. Gestures are 
actions in that they involve movement of the body, and there is evidence that production 
of both actions and gestures can be beneficial. Producing both actions and gestures have 
been shown to support learning (Kontra, Goldin-Meadow, & Beilock, 2012; Wakefield, 
Novack, Congdon, Franconeri, & Goldin-Meadow, 2018). Further, as outlined earlier, 
experience producing actions is linked with one’s understanding of those same actions as 
                                                
1	It should be noted that the current discussion of gestures does not include baby signs 
(i.e., arbitrary or iconic signs taught deliberately by parents; Goodwyn, Acredolo, & 
Brown, 2000). However, the same theory would hold in learning to understand and 
produce baby signs, and in fact one could argue that baby signs are more akin to words 




goal-directed (Sommerville et al., 2005), and similarly experience producing gestures is 
linked with infants’ understanding of gestures. As an example, by 12 months, infants 
exhibit an understanding of the relational aspect of pointing gestures (Woodward & 
Guajardo, 2002). That is, they understand that a point is associated with a specific 
referent. It is during this time that infants also begin to produce their own points 
(Carpenter, Nagell, & Tomasello, 1998), and critically, the ability to make the association 
between point and referent depends on the infants’ own experience producing points. 
That is, infants are more likely to understand pointing as relational if they already 
produce object-directed points (Brune & Woodward, 2007). Lastly, experience with both 
actions and gestures are linked with language development (Iverson, 2010; Iverson & 
Goldin-Meadow, 2005; LeBarton, Goldin-Meadow, & Raudenbush, 2015; Rowe, 
Ozçalişkan, & Goldin-Meadow, 2008).  
 The critical aspect that gestures share with spoken words is that they are also 
representational. This concept is nicely defined by Novack & Goldin-Meadow:  
When we say that gestures are representational actions, we 
mean that they are meaningful substitutions and analogical 
stand-ins for ideas, objects, actions, relations, etc. (2017, p. 
1).  
 
It should be noted that there are several categories of gesture, including deictic gestures 
that reference something in the immediate environment (such as pointing or showing), 
conventional gestures who’s meaning is derived from cultural agreement and has only an 
arbitrary relationship to their meaning (such as a thumbs up or head nods and shakes), 
and representational gestures that generally look like the meaning they are meant to 




out wide to indicate ‘big’). The category of representational gestures should not be 
confused with the idea presented here, and by Novack & Goldin-Meadow (2017) that all 
gestures, across all categories of gesture, are representational. Just as with actions, we 
interpret gestures in terms of the goal or intention driving one to produce them. However, 
the intended consequence of a gesture is to represent something that both the producer 
and observer of the gesture will understand, that is the intention is communicative. This 
quality is what gestures share with words, and language more broadly, the 
communicative function that they serve. Through the use of gestures the infant has 
attained a manner in which to communicate about her world in a modality that is 
available to her, actions of the hand, before she is able to express herself via speech 
(Capirci, Iverson, Pizzuto, & Volterra, 1996; Goldin-Meadow & Butcher, 2003; Mcneill, 
Duncan, Cole, Gallagher, & Bertenthal, 2008; Volterra, Caselli, Capirci, & Pizzuto, 
2005). Once an infant understands the goal-directedness of actions, she can extend that 
property to more abstract gestures, and in turn to words. Indeed, Woodward and Guajardo 
(2002) found that infant’s understand the object-directedness of concrete actions (i.e., 
reaching and grasping) a few months earlier than gestures (i.e., pointing).  
  For the purpose of the current study, the focus is on infant’s experience with 
pointing gestures specifically. Just as gestures are a middle step between actions and 
spoken language, deictic gestures, such as pointing, showing, or giving, may be seen as 
an intermediary between actions and other kinds of gestures. As mentioned above, there 
is evidence that infants’ are able to understand the action-object link for grasping earlier 
than that for pointing (Woodward, 1998; Woodward & Guajardo, 2002). Deictic gestures 




a spoken word might be. Amongst the deictic gestures, pointing has been singled out as 
having a special role in this process (Kita, 2003). Whereas showing (e.g., holding an 
object out for a partner to look at) and giving (holding an object out for a partner to take) 
both involve physical contact with the object, pointing is a more abstract gesture in that it 
is physically removed from its referent. As such, pointing may act as a stepping-stone in 
the transition from more concrete actions and gestures to words. Infants production of 
showing and giving gestures at 10- and 11-months is correlated with their later 
production of pointing gestures at 12 months (Cameron-Faulkner, Theakston, Lieven, & 
Tomasello, 2015), and understanding of shows and gives is thought to precede 
understanding of pointing gestures as well (Rodríguez, Moreno-Núñez, Basilio, & Sosa, 
2015). A few researchers have examined whether infants’ production of pointing gestures 
might be predicted by action understanding. For example, intention understanding 
(measured as completing a failed action) was concurrently related to production of 
pointing in a sample of 8- to 14-month-olds (Camaioni, Perucchini, Bellagamba, & 
Colonnesi, 2004). Additionally, infants’ gaze-following ability predicts the age at which 
they begin using pointing gestures (Matthews, Behne, Lieven, & Tomasello, 2012). 
These findings add further support to there being a predictive and supportive relation 
between action understanding and communicative development, and further highlight the 
importance of gestures at large and pointing in particular as a pivotal intermediary in this 
developmental trajectory. 
The Role of the Motor System 
The theories described above, including that of embodied cognition (Overton, 




system supporting action understanding. Concurrent research in the realm of 
neuroscience has produced a growing body of evidence for such a mechanism at the 
neural level, recruitment of the motor system while observing others’ actions.  
 In the 1990s, a group of specialized neurons were discovered in the brain of 
macaques that were active both when the monkeys performed simple object-directed 
actions and when they observed conspecifics or humans performing those same actions 
(di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992). These neurons, which came 
to be known as mirror neurons, were found via single-cell recording in the ventral 
premotor cortex and inferior parietal lobe, providing evidence for a shared neural 
circuitry in the sensorimotor brain regions for both execution and observation of actions 
(Rizzolatti, Fadiga, Gallese, & Fogassi, 1996; Rizzolatti, Fogassi, & Gallese, 2001). This 
resonant activation of the motor system during action observation has been hypothesized 
as a neural correlate not only for action recognition, but also for the understanding of the 
goals and intentions that drive actions (Cattaneo et al., 2007; Rizzolatti & Sinigaglia, 
2010; Southgate, 2013; although see Steinhorst & Funke, 2014). Using a variety of 
neuroimaging techniques, including functional neuroimaging (fMRI: see Caspers et al., 
2010 for a review), transcranial magnetic stimulation (TMS: e.g., Cattaneo et al., 2010; 
Stadler et al., 2012), EEG (see Fox et al., 2016 for a review) and even single-cell 
recording under the rare occasions that is possible (e.g., Mukamel, Ekstrom, Kaplan, 
Iacoboni, & Fried, 2010), researchers have found evidence that similar sensorimotor 





 While the following review contains studies that have utilized these other 
methods, the method of measuring MNS activity that is of particular interest for the 
research proposed herein, is the EEG mu rhythm. The mu rhythm, first documented by 
Berger in 1929 (Berger, 1929), reflects oscillatory activity within the alpha band (~8-13 
Hz in adults, ~6-9 Hz in infants) and exhibits changes in amplitude reflecting activation 
of the sensorimotor system (Neuper & Pfurtscheller, 2001; Pineda, 2005). Specifically, 
the amplitude of the signal decreases as compared to baseline activity, with peak 
suppression over sensorimotor areas (Kuhlman, 1978). This suppression of activity is 
likely due to an increase in desynchronized neuronal activity associated with the 
processing of motoric information (Pfurtscheller & Lopes da Silva, 1999), thus from here 
on I will refer to this phenomenon as mu rhythm desynchronization. Mu rhythm 
desynchronization has been reported during both execution and observation of actions 
(see Fox et al., 2016 for a review), and source localization analyses have suggested that 
the source of the mu rhythm signal is indeed from within the inferior parietal lobe, dorsal 
premotor cortex, and primary somatosensory cortex (Arnstein, Cui, Keysers, Maurits, & 
Gazzola, 2011; Thorpe, Cannon, & Fox, 2016). 
 Importantly for the purposes of the current study, the mu rhythm has proven to be 
a useful tool for measuring MNS activity across a wide range of ages. Methodologically, 
EEG is an easier neuroimaging technique with infants as compared to other more 
invasive and taxing methods, such as fMRI, because it allows more movement of the 
participant and for the child and parent to remain together during testing, among other 
reasons. Further, having a consistent measure of MNS activity from infancy through 




The mu rhythm in infants oscillates at a lower frequency than in adults (~6 to 9 Hz), 
which is a typical trend in infant compared to adult EEG (Marshall, Bar-Haim, & Fox, 
2002). However, the regional specificity of the mu rhythm in infants overlaps with that of 
adults (Marshall, Young, & Meltzoff, 2011; Thorpe et al., 2016). The greatest 
desynchronization of the mu rhythm during execution of actions is seen over central 
regions, while during action observation the activity is a bit more dispersed over frontal, 
central, and parietal regions. Over the past decade or so there has been an uptick in 
developmental research utilizing mu rhythm desynchronization (see Cuevas et al., 2014; 
and Marshall & Meltzoff, 2011 for reviews). In the following sections, I will review the 
extant literature on the MNS as a neural correlate for action understanding, beginning 
broadly with a theoretical overview for such a relation and then describing the empirical 
research, followed by a review of the literature linking the MNS and communication, and 
finally a review of research within infants utilizing mu rhythm desynchronization as the 
key measure of MNS activity. 
Mirroring and action understanding 
Interest in this pattern of resonant activity of the motor system during action 
observation is in the functional significance of such activity. In particular, and important 
for the purpose of the proposed study, is the question of what such a mechanism might 
indicate in terms of our understanding of those actions (Rizzolatti & Fabbri-Destro, 
2008). There are a few different hypotheses for how such a mechanism might work.  
 Rizzolatti and colleagues have proposed that internal representation of perceived 
actions is supported through activation of a one-to-one overlapping system with one’s 




according to this direct-matching hypothesis it is through a simulation process with 
resonant activation of the motor system in which the visual description of an action is 
mapped on to the corresponding motor representation. Such motor activation indicates 
that an observed action is described into a motor format, which belongs to the observer’s 
motor repertoire. However, according to some researchers, goal ascription is too complex 
for a simple mapping system such as motor resonance (e.g., Hickok, 2009). Paulus (2012) 
has proposed applying the ideomotor theory to explain how motor system activation can 
lead to action understanding. Based on this account, repeated co-occurrence of an action 
and its effect creates a bidirectional link between the activation of one’s motor system 
and a representation of the effect. When subsequently observing another person perform 
the same or a similar action, one’s motor program for that action is engaged which in turn 
activates the effect representation. The effect representation then facilitates anticipatory 
behaviors relevant to that effect, for example directing visual attention toward the target 
object of an action (Paulus, 2012). Thus, according to this theory, resonant motor activity 
during observation of actions (i.e., MNS activity) supports goal interpretation through 
facilitating an expectation of the outcome. In an even more conservative interpretation, 
Heyes (2010, 2013) has contended that such a matching system is simply the result of 
associative learning. Specifically, that contingency and contiguity of action-perception 
experiences create and shape the function of the motor system during action observation. 
Alternative accounts (Ferrari, Tramacere, Simpson, & Iriki, 2013; Murray et al., 2016) 
have emphasized the role of associative learning while also expanding on it, showing, for 
example, that during development infants can build visuomotor connections through 




prewiring, which prepare the infant brain to capitalize on relatively few opportunities to 
create new associations in the course of everyday life. In addition to this, Iacoboni and 
Wilson (2006) propose that several systems are likely interacting to support action 
understanding, a theory for which there is growing evidence that will be discussed briefly 
later on. A key difference between these various theories seems to be how encompassing 
one’s definition of action understanding may be, and many researchers have specifically 
argued for the need to empirically tease apart ‘action understanding’ from other 
coincidental processes such as perception and mentalizing (Gallese, Gernsbacher, Heyes, 
Hickok, & Iacoboni, 2011). What these different theories share is the notion that activity 
of the motor system is in some way, either directly or more indirectly, related to our 
understanding of others’ actions. And there is a growing body of empirical evidence 
supporting that conclusion. For example, Cattaneo and colleagues (2010) had adult 
participants perform either pushing or pulling actions repeatedly while visual access to 
their actions was blocked. The researchers then used TMS to block activation of the 
premotor cortex and asked participants to identify whether pictures they were shown 
were of hands either pushing or pulling. Across groups participants could not reliably 
discriminate, whereas in an earlier study without TMS the two groups made reliable 
categorizations. Stadler and colleagues (2012) used TMS to disrupt function of the 
premotor cortex during observation of actions in which part (1000 ms) of the action was 
occluded. They then asked participants to predict what occurred during occlusion. TMS 
was either delivered at the onset of the occlusion or 300s into the occlusion period. The 
researchers found no effect on prediction for the later TMS delivery; however early TMS 




vertex which was administered as a control). Systematic reviews of studies that have 
compared object-directed versus non-object-directed actions using fMRI, have found a 
more consistent pattern of activation during observation of actions that are object-
directed (Caspers et al., 2010; Morin & Grèzes, 2008; Van Overwalle & Baetens, 2009). 
These findings suggest that an individual’s motor system is recruited both in predicting 
the outcomes of others’ actions and in interpreting the goals and intentions driving 
actions. 
Mirroring and communication 
Through its connection with action understanding, there is growing interest the 
role of the MNS in the development of more ‘higher-order’ social cognitive achievements 
which are thought to build off of basic action understanding skills, including empathy 
(Carr, Iacoboni, Dubeau, Mazziotta, & Lenzi, 2003; Gallese, 2001, 2005; Iacoboni, 2009) 
and Theory of Mind (Pineda & Hecht, 2009).  Building off of the theorized 
developmental trajectory outlined earlier in this review, one primary aim of this 
dissertation is to examine whether activity of the MNS might also be correlated with 
communicative development. The applied logic for this link very much echoes that for 
the cognitive link between action understanding and language, such that the ability to 
represent and interpret others actions is applied to the understanding of communicative 
gestures and later extended to spoken communication (Corballis, 2010; Rizzolatti & 
Arbib, 1998). The broader idea underlying the theories that link the MNS, action 
understanding, and language is that language is a much bigger phenomenon than just 
speech, which is just one part of a larger class of communicative behaviors (e.g., Redcay, 




the side of the sender or the receiver of a message, builds on the ability to represent and 
interpret the acts of others, be they motions of the arms, hands, eyes, mouth, or larynx. 
The MNS may serve as one means for that representation –  a direct link between actor 
and observer or communicator and receiver.  
 Although the research is limited, there is evidence in adults for MNS activity 
during observation of communicative gestures. In a behavioral study, Ping, Goldin-
Meadow & Beilock (2014) showed that busying one’s own motor system can impede 
understanding of gestures. Using fMRI, Montgomery, Isenberg, & Haxby (2007) 
examined the potential overlap between observation and execution of what they termed 
non-object directed communicative gestures (e.g., fingers curled into the palm and thumb 
pointing up for “thumbs up” or pointer finger meeting the thumb to create circle and 
other fingers extended for “ok”), as compared to mimed non-communicative object-
directed actions (e.g., striking a match or flipping on a light switch; mimed because the 
objects were not actually present). They found similar activation in the primary and 
premotor cortices, inferior parietal lobe, and the superior temporal sulcus during both 
observation and execution across the two types of actions/gestures. Schippers and 
colleagues (Schippers et al., 2009) had participants take part in a modified game of 
charades while monitoring their MNS activity using fMRI. They found activation of the 
motor cortex during both production and “decoding” of the charades actions. In a follow 
up analysis, the researchers found that the activation in the observer’s brain even 
followed a similar temporal trajectory as that of the charade producer (Schippers, 




 A few studies utilizing the EEG mu rhythm desynchronization have also found 
evidence for MNS activity during observation of gestures (Avanzini et al., 2012; Quandt 
et al., 2012; Streltsova, Berchio, Gallese, & Umiltà, 2010). For example, Streltsova and 
colleagues (2010) observed significant desynchronization when participants were 
watching meaningless hand movements (e.g., moving the thumb in and out of an open 
palm), communicative gestures (e.g., thumbs up), and grasping that was either social 
(grasping a ball in someone’s hand) or non-social (grasping a ball on a table).  
The body of research examining a link between the MNS and processing of 
spoken language is also limited and has mostly focused on processing of action related 
words or phrases (see Fischer & Zwaan, 2008 for a review). Using behavioral measures 
of motor activity (e.g., grip force and posture changes), studies have shown that listening 
to action-related verbs in sentences induces motor activity (da Silva, Labrecque, 
Caromano, Higgins, & Frak, 2018; Shiller et al., 2013), however this may be modulated 
by semantic context (Aravena et al., 2012). Studies using fMRI, TMS, MEG, and the 
EEG mu rhythm have found activation of the motor system when adults process (hear or 
read) verbs or phrases about actions (Di Cesare, Errante, Marchi, & Cuccio, 2017; 
Egorova, Shtyrov, & Pulvermüller, 2016; Hauk, Johnsrude, & Pulvermüller, 2004; 
Moreno et al., 2015, 2013) or while decoding degraded speech sounds (D ’ausilio, 
Bufalari, Salmas, & Fadiga, 2012). Indeed, there is evidence that the MNS is functionally 
linked to representing action related language (Vukovic, Feurra, Shpektor, Myachykov, 
& Shtyrov, 2017), and some studies have also found left-hemisphere specifiticy for the 
action-language link (Pulvermüller, Hauk, Nikulin, & Ilmoniemi, 2005). Other TMS 




with no clear meaning, thus suggesting a phonological resonance within the motor cortex 
(D’Ausilio et al., 2009; Fadiga, Craighero, Buccino, & Rizzolatti, 2002; Roy, Craighero, 
Fabbri-Destro, & Fadiga, 2008). 
 Taken as a whole, these findings are promising in terms of identifying a link 
between MNS activity and language, but more research is clearly needed, and 
furthermore what is severely lacking is a developmental perspective. One study 
conducted with 14-month-olds reported mu rhythm desynchronization in the infants 
during dyadic interactions as compared to non-dyadic interactions (Reid, Striano, & 
Iacoboni, 2011). Antogini and Daum (2017) have found evidence for sensorimotor 
activity in toddlers while listening to verbs and action phrases. However, the question 
remains unanswered whether the MNS might actually play a formative or foundational 
role in the development of communicative skills.  
 There is a body of work that has examined the connection between development 
of children’s motor abilities such as sitting, crawling, and walking and communicative 
development (see Iverson, 2010 for a review). While a comprehensive look at this topic is 
beyond the scope of the current paper and study, the connection I would make is this: in 
light of the proposed link between the motor areas of the brain and the development of 
communication and language, it seems logical that behavioral advances in motor skill, 
also reflecting activation of the neural motor system would in turn be supportive of or at 
least related to the development of language. A common driving theory for the link 
between motor and language development is that certain motoric achievements such as 
reaching/grasping, sitting, crawling, and walking open up new opportunities for 




is likely the case, I would argue that the connection between these developmental 
processes is a deeper one in which they are systematically and, as we see evidence for 
here, neurally linked. The greater range of experiences afforded by developing motor 
skills may also bolster the process of MNS activity during observation of actions and in 
turn one’s ability to understand and learn from those observed behaviors. 
Evidence in infancy 
As mentioned above, the use of the mu rhythm as measured via EEG has fostered 
an increase of attention and research on the development of the MNS in relation to social 
cognitive development. The youngest infants included in a published observation of mu 
rhythm desynchronization were 4-month-olds (Virji-Babul, Rose, Moiseeva, & Makan, 
2012), and the findings from this study suggest that the infant MNS is initially sensitive 
to all coherent motion, not necessarily human actions or actions with which they have 
experience. The infants in that study ranged from 4- to 11-months old and included only 
14 total infants, thus results should be interpreted cautiously. However, such a finding fits 
with behavioral data suggesting that younger infants will attribute goals to both human 
and nonhuman agents (Luo & Baillargeon, 2007), while older infants only do so for 
human and human-like agents (Johnson, 2003; Meltzoff, 1995), but not inanimate 
objects. Thus, interpreted in light of the behavioral findings, this early pattern of non-
discriminant mu rhythm desynchronization might suggest that young infants are 
recruiting their MNS in trying to decipher the meaning or purpose behind all motion as 
they learn to discriminate that which is similar to their own developing motor repertoire 
and that which is not. A similar developmental trajectory has been observed in studies of 




actions. Eight- to nine-month-olds exhibit greater mu desynchronization during 
observation of a goal-directed action as compared to during observation of a non-goal 
directed action (Nyström, Ljunghammar, Rosander, & von Hofsten, 2011; Southgate, 
Johnson, Karoui, & Csibra, 2010), as do older children (Lepage & Théoret, 2006) and 
adults (Muthukumaraswamy, Johnson, & McNair, 2004; Nyström, 2008). However, six-
month-olds do not exhibit such a difference (Nyström, 2008). Thus, MNS activity seems 
to be correlated with infants’ developing understanding of the actions they observe. 
 In a series of studies with 9-month-olds, Southgate and colleagues found evidence 
that mu rhythm desynchronization is a reflection of action and goal prediction (Southgate 
et al., 2010; Southgate, Johnson, Osborne, & Csibra, 2009). Infants’ mu rhythm 
desynchronization was measured during both execution and observation of grasping 
actions (Southgate et al., 2009). As expected, the researchers found overlap between the 
two conditions. What was of most interest was the time-course of activation during the 
observation trials. Specifically, they observed two periods of desynchronization: one that 
occurred during observation of the reaching/grasping action, and one that occurred just 
prior to the start of the action. This first period of suppression indicates that the MNS was 
active even prior to an observed action, suggesting that it is involved not only in 
prediction of goals, but of the actions performed to reach those goals. This predictive 
desynchronization was compared across trials and the researchers found that it was only 
significant after the first three trials, suggesting that once the infants learned that they 
could expect an action, the MNS came on board to facilitate prediction of that action. In a 
second study, also with 9-month-olds, infants were shown grasping actions either without 




2010). The purpose of these conditions was to compare MNS activity when a goal could 
(occluder condition) or could not (no object condition) be inferred. Indeed, they found 
significant mu rhythm desynchronization during action observation in the occluder 
condition, but not in the no object condition, suggesting that MNS activity is involved in 
the inference of goals. 
 More recently, researchers have begun examining how individual differences in 
activiton of the MNS in infants during observation of actions might predict evidence of 
action understanding outside of the observation of a specific action. For example, Filippi 
and colleagues (2016) found that the strength of mu rhythm desynchronization during 
observation of grasping actions in 7-month-olds was related to the infants’ propensity to 
imitate the observed actor by subsequently selecting the same toy that the actor had 
grasped. A very recent, unpublished infant study provides further evidence. Yoo, Thorpe, 
and Fox (2016) found that mu rhythm desynchronization during observation of grasping 
actions predicted infants’ ability to learn a novel means-end motor task (retrieving a toy 
with a cane) whereas it did not predict their learning in a visual pattern task, further 
suggesting MNS activity is indeed related to action processing and goal interpretation.  
 While interest in the link between the MNS and action understanding in infancy is 
growing, the lack of studies examining the proposed developmental link between the 
MNS and higher-order social cognitive functions, in particular communication, is 
becoming more and more apparent. More work is needed to examine the recruitment of 
the MNS during communicative interactions, how that might compare to non-




development over time. Thus, the main purpose of the current study is to examine what, 
if any, role the MNS plays in early communicative development. 
The Role of Experience 
Experience with actions has been shown to have an influence both on one’s 
understanding of the action and on the strength of the MNS response. Thus, a further goal 
of the current research is to explore the role of experience with gestures on the MNS and 
subsequently the development of communicative skills. In the following section, I will 
review the literature linking experience with action understanding and the MNS. 
Experience with actions 
Experience with actions appears to influence infants’ understanding of actions, 
such that greater or earlier experience leads to greater or earlier understanding. For 
example, 10-month-olds’ ability to perform planful means-end actions is related to their 
understanding of others’ means-end actions (e.g., Sommerville & Woodward, 2005). 
Sommerville, Woodward, and Needham (2005) provided 3-month-old infants experience 
with object apprehension through the use of “sticky mittens”. These mittens, which had 
Velcro attached to them, allowed the infants to obtain objects (small stuffed animals) 
before they were accomplished graspers, by sticking their hands to the toys. These infants 
were then tested in a habituation paradigm, wherein they repeatedly observed an object 
being grasped and then during test either the object or the location of the grasp was 
changed.  Performance on the test trials for infants in the “sticky mittens” group was then 
compared to a group of age matched infants who did not have the “sticky mittens” 




new location test trials whereas the un-experienced infants showed no such 
discrimination, suggesting that infants’ experience with a specific action may influence 
their ability to understand the actor-object link. 
 Cannon and colleagues (2012) conducted a study in which half of their 12-month-
old participants were given experience placing toys into a container. Their containment 
skill during this activity was measured in terms of latency (amount of time before a toy 
was first placed in the container) and activity (the number of toys placed in the 
container). The infants were then shown a video of someone placing toys into a container. 
The infants who had prior experience were more likely to look toward the container 
before the toy arrived, predicting the outcome of the action, as compared to a group of 
12-month-olds who had not yet taken part in the containment practice activity. Further, 
within the group of infants who had the prior containment experience, the researchers 
found a significant correlation between infants’ containment skill and action prediction, 
such that infants with stronger containment skill (shorter latency and more activity) 
produced more anticipatory gazes to the containment location.  
Experience with gestures 
Interestingly, a study that was aimed at examining the developmental origins of 
pointing in infancy provides some evidence that observational experience with gestures 
might similarly influence infants’ understanding of that gesture. Matthews, Behne, 
Lieven, & Tomasello (2012) compared infants pointing behavior before and after a 
parent-focused training on pointing. Parents in the training group were instructed to 
practice demonstrating pointing for their infants over a month-long period. There was 




and play with musical instruments with their child. Both exposure to training and 
frequency of maternal pointing were found to predict infants’ ability to monitor their 
partner’s gaze while pointing. Gaze-checking while pointing is considered an indicator 
that infants’ are indeed pointing with communicative intent and thus demonstrating an 
understanding of their partner’s attentional state (e.g., Bates, Camaioni, & Volterra, 
1975). These findings suggest that observational experience of points (via the parent) can 
potentially influence an infants’ understanding of how pointing can be used to manipulate 
the attention state of others. In a similar study, utilizing the same training paradigm as 
that in the current study, Rowe and Leech (under review) trained parents of 10-month-
olds on the importance of pointing with their children, the role pointing plays in language 
development, and how they can make a difference in their children’s development by 
pointing with them often. Parents in the training group were provided with toys and told 
to play and point for 15 minutes a day with their children. Parents in the control group 
were not given the information about pointing, and were also given the toys and told to 
play for 15 minutes a day.  At a follow-up home visit 2 months later, parents in the 
treatment group pointed more and to a greater number of different objects during play 
with their 12-month-olds than parents in the control group. Further, the infants of parents 
in the treatment group pointed more and to a greater number of different objects during 
play than the infants of parents in the control group.   
 Through a more intensive training study with 17-month-olds, LeBarton, Goldin-
Meadow, and Raudenbush (2015) found evidence that infant’s production of gestures can 
be experimentally increased. In this study, the researchers assigned children to receive 




modeled pointing and labeling with the child and also encouraged the child to point, one 
in which the experimenter pointed but did not encourage the child to point, and one in 
which the experimenter did not point nor did she encourage the child to point. Across the 
training period, children in the experimenter and child pointing condition produced more 
gestures (measured as a composite of pointing gestures during training sessions and all 
gestures produced during interactions with a parent). This increase in child gesture was 
associated with an increase in parents’ gesture use (although parent gesture was not a 
focus of the study), and, importantly, with group differences in children’s productive 
language at the end of the six-week period. As do the studies by Matthews and colleagues 
(2012) and by Rowe and Leech (under review), this study suggests that parents’ gesture 
production with their children can be manipulated (increased) relatively easily, that 
children’s own gesture production can also be experimentally increased, and further 
suggests that such an increase can lead to growth in children’s language skills. These 
experimental studies provide interesting extensions of previous correlational research 
showing that parents who gesture more have children who gesture more, and that children 
who gesture more tend to have stronger language skills (Colonnesi, Stams, Koster, & 
Noom, 2010; Kuhn, Willoughby, Wilbourn, Vernon-Feagans, & Blair, 2014; Rowe, 
2000; Rowe & Goldin-Meadow, 2009a, 2009b; Rowe et al., 2008). Thus, we see here 
evidence that infants’ experience with gestures can have an impact on their understanding 
of those gestures and on their developing language ability. 
Experience and changes in MNS recruitment 
Similar to the relation seen behaviorally between action experience and action 




activity. For the purpose of this review, I will focus on those studies utilizing mu rhythm 
desynchronization.  
 Examining this relation within adults, several studies have compared mu rhythm 
desynchronization during observation of actions in “experts” versus “novices” for a 
variety of tasks or activities. In a study with dancers, Orgs, Dombrowski, Heil, and  
Jansen-Osmann (2008) found that professional dancers exhibited greater mu rhythm 
desynchronization than non-dancers while observing dance movements. Importantly, 
there was no difference between the groups when observing everyday actions familiar to 
both groups. Cannon and colleagues (2014) experimentally manipulated experience by 
randomly assigning adult participants into three groups who either received physical 
experience using a novel claw tool to grasp objects, visual experience watching an 
experimenter use the tool, or no experience. They found that participants who had 
physical experience with the tool exhibited greater mu desynchronization during 
observation of tool use when compared to both participants in the visual experience 
group and to the novices. Qualitatively, observers (those with visual experience) did seem 
to exhibit slightly greater mu desynchronization than the novices, however there was not 
a significant difference. More research is needed to examine whether observational 
experience with actions can lead to greater activation of the MNS, particularly in infancy. 
 Findings from studies with infants mimic those with adults. Crawling experience 
(how long they had been crawling) in 14- to 16-month-old infants is related to the 
strength of mu rhythm desynchronization while observing videos of other infants 
crawling (van Elk et al., 2008). In a 2015 study, Cannon and colleagues found that 




reaching errors (misjudgments of distance or position), preshaping of the hand, and 
whether the grasp was made with one hand or two, was related to the strength of mu 
desynchronization while observing reach/grasp actions. Yoo, Cannon, Thorpe, and Fox 
(2015) found a relation between grasping skill and mu rhythm desynchronization during 
observation of grasping within 12-month-olds, but not within 9-month-olds, suggesting 
that the strength of the coupling of action and perception also increases with experience. 
One study interestingly contrasts the finding in adults that first-hand experience is 
necessary to alter one’s understanding or neural representation of an action. de Klerk, 
Southgate, and Csibra (2016) observed predictive eye movements and mu rhythm activity 
in pre-walking 8-month-olds while they watched videos of infants walking. This finding 
suggests that first-hand experience is not necessary, but that observational experience 
may also be related to the strength of MNS activity during observation of actions. 
General Summary and Gaps in the Literature 
Action understanding has been proposed as a foundation for the development of 
language (e.g., Woodward, 2004), such that infants apply an understanding of their own 
agency and intentionality to understand and represent others’ actions in terms of their 
goal-structure, and that this process of interpretation can then be applied to the 
understanding of others’ gestures as well as spoken language (i.e., words). The 
understanding and use of gestures is proposed as a critical intermediary for this 
developmental process between action and spoken language (e.g., Capirci et al., 2005). In 
line with this theory, there appears to be an observable developmental relation between 
infants’ early ability to understand others’ actions and their emerging capacity for 




(e.g., Brooks & Meltzoff, 2008).  Such a link between action, gesture, and language 
implies a system that supports the perception and interpretation of others’ actions that 
would also support the understanding of gestures and words. The MNS has been 
implicated as a neural correlate for action understanding (Rizzolatti & Fabbri-Destro, 
2008), and there is a growing body of evidence in support of this interpretation (e.g., 
Caspers et al., 2010; Cattaneo et al., 2010; Stadler et al., 2012). Further, there is a small 
but growing body of research linking MNS activity and the understanding of 
communicative acts, including both gestures and speech (Moreno et al., 2015, 2013; 
Schippers et al., 2009). Out of the various methods for measuring activation of the MNS, 
the mu rhythm as measured via EEG seems to be the most promising in terms of 
exploring the development of this system and has been utilized in several studies with 
infants (e.g., Cannon et al., 2016; Nyström et al., 2011; Southgate et al., 2010; Yoo et al., 
2015). However, as far as I am aware, only one study has examined individual 
differences in activation of the motor system in infants during observation of actions in 
relation to a separate measure of infants’ action understanding (Filippi et al., 2016), and 
there are no developmental studies examining the relation between this activity and 
communication. Thus, more research is needed to gain a more full understanding of the 
role of the MNS in the development of both action understanding and communication. 
 There is a growing body of evidence that experience with actions is related to 
action understanding, such that experience predicts the ability to link actor to object, to 
infer goal-related outcomes for actions, and potentially to understand the attentional state 
of one’s partner (Cannon et al., 2012; Matthews et al., 2012; Sommerville et al., 2005). 




Several studies have shown that when a person has more first-hand experience with a 
specific action, their representation of that action, as indexed by the activation of the 
MNS, is stronger (e.g., Cannon et al., 2014; Orgs et al., 2008; van Elk et al., 2008). 
However, a few things remain unclear regarding the influence of experience on one’s 
internal neural representation and in understanding others’ actions. First, it remains 
unclear whether observational experience with actions can lead to greater activation of 
the MNS during observation of actions. Adult studies have shown evidence that first-
person experience has the strongest impact on the MNS (e.g., Cannon et al., 2014), 
however more recent work with infants suggests that first-hand experience may not be 
necessary (de Klerk et al., 2016). Second, it has not yet been explored whether the impact 
of experience on one’s MNS will have cascading effects on one’s action understanding 
and communicative development.  
 Specific to the goals of the proposed study, it is yet unknown whether we can 
expect to see activation of the MNS when infants observe communicative actions, as has 
been shown during their observation of non-communicative but goal-directed actions. 
Further, it is unknown whether experience in infancy with communicative gestures, 
might increase infants’ MNS activity during observation of those gestures and in turn 
have a positive impact on developing communicative skills. 
Conclusions 
The ability to communicate with others is arguably the most important social-
cognitive development in the first few years of life. Action understanding has been 
proposed as an important foundation for this development, and activity the MNS has 




fully understand whether MNS activity also subserves or supports communicative 
development. Gestures have been indicated as a critical stepping-stone between actions 
and language in early development, however there is very limited empirical research 
examining this developmental process. Further, experience with actions seems to 
influence action understanding measured both behaviorally and neurally, however the 
extent of this influence is not yet fully understood, nor whether there are cascading 
effects on the development of communicative skills. The current study aims to address 
these gaps in the literature, to examine the developmental relations between action 
understanding and communicative development, and to elucidate the processes 





Chapter 3: Method 
 
The goals of the current study were three-fold. First, to examine infants’ MNS 
activity in response to observing a communicative gesture and to compare that with their 
neural activity during a typical object-directed action task. Second to examine the 
relations between infants’ MNS activity and their concurrent communicative skill, both in 
terms of gesture and vocabulary. The third and final goal was two-fold: to examine 
whether, experimentally manipulating infants’ experience with communicative gestures, 
specifically pointing, would increase MNS activity while observing those gestures, and to 
examine whether such changes in turn have a positive influence on the further 
development of infants’ communicative skills. In order to address these goals I employed 
a randomized experimental design with a longitudinal aspect, in which I examined 
infants’ MNS activity, as indexed by EEG mu rhythm desynchronization, and 
communicative skills before and after a parent-directed training aimed at increasing 
infants’ exposure to and use of pointing gestures. As stated earlier, I focused on pointing 
gestures for the current study because of the mechanical properties of the gesture, the fact 
that points are physically removed from their referent, and that points are the most 
common gesture produced in infancy. In this chapter, I describe my sample, procedure, 
and measures.  
Participants 
81 full-term infants aged 10 to 12 months (M = 11.28, SD = 0.61; 39 females, 42 




completed the Time 3 online survey (one of which did not complete the Time 2 visit or 
surveys).  
Participants were recruited through the Infant and Child Studies Database, a 
database housed at the University of Maryland, College Park consisting of families who 
have expressed interest in participating in research studies. The database recruits from the 
counties surrounding the University, including Prince George’s, Howard, and 
Montgomery in Maryland. Participants were also recruited through mailings distributed 
by the State of Maryland Department of Health and Mental Hygiene, targeting families 
with infants in the specified age range and living in Prince George’s or Montgomery 
County. Inclusion criteria for participation in the study was based on parent report and as 
follows: (a) the target child was between 10 and 12 months of age at the time of their first 
visit, (b) the child was not born pre-term, and (c) the child did not have hearing loss or a 
known condition that might affect cognitive development. The age range of 10-12 
months was chosen because this is when pointing gestures begin to emerge, on average 
(Bates et al., 1975). Prior to infants’ participation in the study, informed consent was 
obtained from parents. Mothers and fathers were eligible to participate as long as the 
same parent participated over the course of the entire study; however most parents were 
mothers (74 mothers, 7 fathers). Mean age of parents was 33.41 years (SD=5.52). 
Procedure 
Parent-child dyads took part in two visits to the lab, approximately one month 
apart, and in an online follow-up approximately one month following the second lab visit. 
At the first visit, dyads were randomly assigned to either the training group or the control 




procedures and measures were approved by the University of Maryland Institutional 
Review Board.  
Time 1: Initial Lab Visit 
The initial lab visit lasted approximately 90 minutes, and began with the 
experimenter describing the activities for the visit and obtaining parental consent. This 
initial consent process did not include any information specific to either the training or 
control conditions. Parents were then asked to fill out several questionnaires including the 
MacArthur-Bates Communicative Development Inventory, Short Forms (MCDI: Fenson 
et al., 2000) reporting on the target child’s receptive and expressive vocabulary, as well 
as surveys on their family’s demographics information and the target child’s 
developmental milestones (see Appendix A for all questionnaires). Parent-child dyads 
then took part in a 10-minute video-taped free play interaction, videotapes of which were 
transcribed, coded, and used as a baseline measure of parent and infant language and 
pointing gesture use. Next, infants participated in an EEG task designed to measure MNS 
activity, as indexed by mu rhythm desynchronization, during observation of grasping 
actions and pointing gestures, as well as during execution of grasping. Finally, dyads that 
were assigned to the training group received the Pointing to Success training. Dyads in 
the control group did not receive any training. In the following sections I will describe the 
free-play interaction, EEG task, and training procedures in greater detail. 
 Free-play interaction. Dyads took part in a 10-minute videotaped, free play 
interaction. During these interactions, dyads were provided with an assortment of age 
appropriate toys including a toy barnyard with animals, an elephant shaped block sorter, 




toys). Dyads were instructed to play with the toys as they normally would at home. These 
interactions were then transcribed and coded for spoken language and pointing gesture 
production.  
EEG task. The purpose of this task was to assess infants’ mu rhythm 
desynchronization during observation of a communicative gesture (pointing), observation 
of a non-communicative action (grasping), and execution of a non-communicative action 
(grasping). During the task, the infant, fitted with an EEG cap (for more information, see 
below for EEG recording and processing procedures), sat on his/her parent’s lap in front 
of a wooden stage (see Figure 3 for room set up). Across the stage, the presenter was 
positioned to set up and present the various stimuli. Experimenter 1 would raise and 
lower a curtain on the stage in between trials, and Experimenter 2 was in an adjacent 
Figure 1. Set-up of participant testing room for EEG task. 





room monitoring the recording of the EEG. Parents were asked to avoid interacting with 
or talking to their infant during the session. The EEG task consisted of three trial types 
(see Figure 4): observe point, observe grasp, and execute grasp, each of which was 
preceded by a 3-second baseline period. For the baseline period, the curtain was raised to 
reveal a multi-colored swinging pendulum. During observe point trials the curtain was 
raised to reveal the presenter sitting across from the infant with a toy centered on the 
stage. The presenter first got the infant’s attention by saying “Hi, Baby!”, and then 
looked to and simultaneously pointed to the toy. The trial ended when the curtain was 
lowered. The procedure for the observe grasp trials was identical to observe point trials 
except the presenter grasped, rather than pointed to, the toy. During execute grasp trials, 
the curtain was raised to reveal a toy placed at the edge of the stage on a retractable 
tabletop. The presenter was seated across from the infant, but did not look at or engage 
the infant. As the curtain was raised, the presenter pushed the tabletop (and toy) toward 
the infant. The trial ended either when the infant grasped the toy or after approximately 




20 seconds passed. Trials were presented in a quasi-randomized order, such that infants 
were presented with a maximum of 15 trial sets, each set comprising one of each trial 
type in a random order, or up to 45 trials total. Infants completed a mean of 25.83 trials  
(SD=1.15, Range: 4-45) at Time 1, and a mean of 17.89 trials (SD=0.67, Range: 1-30). 
Within a single trial set, the same toy was used across all three trial types, however five 
different toys were rotated throughout the task. The random order within trial sets was 
fixed across participants, however the order in which toys were presented was 
randomized across infants. EEG was recorded continuously during this task. All trials 
were recorded using two video cameras for coding and analysis of eye, head, arm and 
hand movements, one camera focused on the infant and another focused on the presenter. 
 Training. The following two sections describe procedures for parents assigned to 
the training and control condition.  
 Training condition. After completing the EEG task, parents who were assigned to 
the training condition received the Pointing to Success training (Rowe & Leech, under 
review). This session lasted approximately 10 minutes. The training began with a 4-
minute video that describes, in conversational terms, the research findings regarding 
infants’ early pointing production and later language skills, as well as the relations 
between parent pointing and child pointing production and language ability. The video 
also describes different ways to point with your child and the importance of doing so for 
the child’s development. After the video, the experimenter asked a short series of set 
questions including, (1) If you were to describe this video and what it was about to a 
friend who hadn’t seen it, what would you say it was about? and (2) Was any of this new 




questions, the experimenter engaged in a brief (~5 minute) conversation about the video 
and what the parent learned. During this discussion, the experimenter emphasized the 
important role the parent plays in modeling pointing behavior and eliciting or 
encouraging points from the child. Parents in the training group were provided will a 
copy of the training video in DVD form as well as an educational pamphlet summarizing 
the same material as the video. The parent was then asked to practice pointing with 
his/her child for 15 minutes each day over the following month, or until their next 
laboratory visit. Dyads were given a set of toys to aid in this practice (including a block 
shape sorter, a board book about counting, and a bottle of bubbles: see Appendix C for all 
training materials given to parents), and the experimenter modeled several ways to point 
with the toys. However, parents were told that their pointing practice did not have to be 
limited to playing with these specific toys. Finally, after parents had a chance to ask any 
questions they had about the pointing practice, they were given a daily log and asked to 
record (1) whether they played with their infant for 15 minutes that day, (2) whether they 
pointed during that interaction, and (3) whether their child pointed. This log was used as 
a measure of fidelity to the training and a way to keep parents engaged in the training 
between the periods of experimenter contact. Over the next four weeks or until the 
follow-up lab visit families were contacted via email (or phone if they preferred) once 
weekly to remind them to continue with the pointing practice and to give parents an 
opportunity to ask any questions that might come up. Most parents responded with 
acknowledgement of the reminder, many also responded with anecdotes of their 




Control condition. Parents in the control condition were given the same set of toys 
to bring home, but were not given any information regarding pointing. During the period 
of time between the initial and follow-up lab visits, parents in the control condition were 
only contacted once to remind them about their upcoming visit. 
Time 2: Follow-up Lab Visit 
Approximately four weeks following the initial lab visit, all dyads from both the 
training and control groups were asked to return to the lab for a follow-up visit. Average 
time between the Time 1 and Time 2 lab visits was 34.54 days (range: 27-67). 
The protocol for this visit was almost identical to that of the initial visit. At the 
start of the visit parents completed only the MCDI questionnaire (Fenson et al., 2000). 
Dyads then participated in a ten-minute videotaped free-play interaction, for which they 
were provided with a new set of toys including a doll house, a wooden disc stacker, and 
the board book “Goodnight, Gorilla” by Peggy Rathmann (see Appendix B for images of 
the toys). Infants then engaged in the same EEG task as in the initial visit. 
Time 3: Online 
One month after the follow-up visit parents were asked to complete the MCDI 
(Fenson et al., 2000). This phase of data collection took place entirely online. Average 
time between the Time 2 lab visit and Time 3 online survey completion was 33.56 days 
(range: 27-51). 
Transcription and Coding of Free-Play Interactions 
All speech and pointing gestures during the mother-infant videotaped interactions 




transcribe reliably using the CHAT conventions of the Child Language Data Exchange 
System (CHILDES; MacWhinney, 2000). The unit of transcription was the utterance, 
bounded by grammatical closure, a pause of more than two seconds, or transition in 
speaker. In addition to spoken language produced, all actions and gestures produced were 
also transcribed. All transcripts went through a two-step verification process wherein one 
transcriber produced an initial transcript and then a second transcriber verified each 
transcript. Any disagreements were resolved through discussion. 
Parent and infant pointing production was coded from the transcripts of the 
videotaped free-play interactions. Coders identified when a point occurred, defined as an 
extension of the arm, hand, and index finger that is primarily communicative. In addition, 
for each point coders identified the referent associated with the gesture, which was the 
object or event pointed to.  
Two research assistants were trained to code the transcripts using the above 
coding scheme. Coding reliability was calculated on a subset of 10% of the transcripts. 
To check for reliability between coders for the frequency of points produced, correlations 
were run and a high level of agreement was found (parent pointing frequency r = .99; 
child pointing frequency r = .96). Out of 329 total points identified by either coder, there 
was agreement on the occurrence of 282 points (85%). Agreement for identifying the 
referent of points was also high (93%, kappa=.88).  
Coding and Processing EEG Data 
Behavioral coding of EEG task 
Videos of the EEG task were coded to identify and synchronize live events with 




videos) off-line, frame-by-frame, to identify the following events of interest. For observe 
grasp events, coders identified the frame in which the presenter completed the grasp, 
defined as the frame in which the presenter’s fingers were fully closed around the toy. 
For observe point events, coders identified the frame in which the presenter completed 
the point, defined as the frame in which the index finger was fully extended and the arm 
stopped its downward trajectory. For execute grasp trials, coders identified the frame in 
which the infant completed the grasp (if a grasp was executed). This was defined as either 
a) the frame prior to that in which the object began be lifted from the table, if the infant 
picked the toy up, or b) the frame in which the infant’s fingers were fully closed around 
the toy, if there was no pick up.   
Video was recorded at a frame rate of 30Hz, allowing for coding accuracy within 
approximately 33ms for identifying the events of interest outlined above.  Inter-rater 
agreement, within 100ms (approximately 3 frames), was achieved on 99% of the observe 
grasp trials, 98% of the observe point trials, and 96% of the execute grasp trials. 
Averaged event times, across the two coders, were used in EEG segmenting. Coders also 
identified trials (including both baseline and observe/execute periods) in which the infant 
made any reaching or grasping actions, gestures, or gross motor movements, or in which 
the caregiver interfered through movement, gesture, or speaking. These trials were 
subsequently removed from analysis. 
EEG data acquisition and processing 
EEG was recorded from scalp electrodes using a 128-channel HydroCel Geodesic 
Sensor Net and sampled at 500 Hz using EGI software (Net Station v4.5.4; Electrical 




100 kΩ (e.g., Marshall et al., 2011). Several infants’ data were excluded prior to 
processing due to technical issues (Time 1 N=11; Time 2 N=3), or due to not having 
enough trials/data to process, usually because the infant fussed out prior to the task 
starting (Time 1 N=5; Time 2 N=2), leaving data from 65 infants to be processed at Time 
1, and 67 at Time 2. 
All processing of the data was completed offline in MATLAB (R2015a; The 
MathWorks, Natick, MA) with EEGLAB (v13.4.4b) toolbox (Delorme & Makeig, 2004). 
A predefined set of channels (17, 38, 43, 44, 48, 49, 56, 63, 68, 73, 81, 88, 94, 99, 107, 
113, 114, 119, 120, 121, 125, 126, 127, 128) were excluded from analysis because they 
lie on the outer-most ring of the sensor array on the sides of the face and at the nape of 
the neck, and as such are heavily prone to artifact. Continuous data from the entire 
recording session were high pass filtered (0.3Hz) and then low pass filtered (49Hz) with 
the FIRfilt plugin for EEGLAB (developed by A. Widmann: 
www.unileipzig.de/~biocog/content/widmann/eeglab-plugins/) using windowed sinc FIR 
filters with a Hamming window. Automatic rejection of artifacted channels was 
performed using the EEGLAB plugin FASTER (Nolan, Whelan, & Reilly, 2010) which 
classifies artifactual channels based on having a Z-score of ±3 on any of three calculated 
parameters: variance, mean correlation, and Hurst exponent. On average 3.01 channels 
were rejected at Time 1 (Range: 1-5) and 3.12 channels were rejected, on average, at 
Time 2 (Range: 0-7).  
Following automated artifact rejection, remaining artifact due to blinks, saccades, 
and generic noise were identified and rejected via extended infomax independent 




filtered at 1Hz and segmented into 1s epochs. This copied dataset was then rigorously 
cleaned of artifact to achieve improved ICA decomposition. Noisy data segments were 
rejected using a combined voltage threshold of ±1000µV and spectral threshold (range -
30dB to +100dB) within the 24-40Hz frequency band to remove EMG-like activity. After 
ICA decomposition, artifactual ICs were identified through a combination of automated 
and manual processes including the EEGLAB ADJUST plugin (Mognon, Jovicich, 
Bruzzone, & Buiatti, 2011) and visual inspection. Weights for the independent 
components (ICs) were then transferred from the ICA copied dataset to the original 
dataset. After removal of the artifactual ICs, the data were segmented into windows 
surrounding the events of interest. The segmentation window for all observe and execute 
trials was -1500ms prior to the completion of the grasp or point, as identified through the 
behavioral coding described above, through 500ms after the completion of the grasp or 
point. For the baseline event (pendulum presentation), the middle 2-second window was 
segmented (i.e., 5000 ms to 2500 ms from the start of the baseline event). Trials that 
were marked as bad during the behavioral coding (due to child or parent interference) 
were removed. Any trials that contained discontinuity in the EEG signal due to the earlier 
artifact rejection procedure will be excluded from analysis, and then a final artifact 
rejection process was completed. Specifically, a voltage threshold rejection (±250µV) 
was applied in the six frontal channels (1, 8, 14, 21, 25, 34 ; see figure 2). Any epoch in 
which the frontal channels exceeded the voltage threshold of ±250µV was rejected. The 
same voltage threshold was applied to all other channels, and any rejected channels in 
each epoch were interpolated by artifact free data of the surrounding channels within that 




channels within an epoch were interpolated, that epoch was rejected. If more than 50% of 
epochs within a channel were interpolated, that channel was rejected.  
After preprocessing, participants were excluded, within each condition, if they 
had fewer than 3 artifact free trials. This minimum requirement is based on previous 
infant mu rhythm studies (e.g., Debnath, Salo, Buzzell, Yoo, & Fox, under review; 
Marshall et al., 2011; Monroy, Meyer, Schröer, Gerson, & Hunnius, 2017). At Time 1, 24 
participants were excluded in the observe grasp condition, 23 were excluded in the 
observe point condition, and 26 were excluded in the execute grasp condition. At Time 2, 
25 participants were excluded in the observe grasp condition, 27 were excluded in the 
observe point condition, and 30 were excluded in the execute grasp condition. All 
epoched data were then converted into current source density (CSD) using the CSD 
toolbox (Kayser & Tenke, 2006). The application of a spatial filter and transforming the 
EEG signal into a CSD waveform minimizes volume conduction by attenuating activity 
that is disperse across most electrodes and highlighting activity that is evident at smaller 
clusters of electrodes (Cohen, 2014; Tenke & Kayser, 2012). All analyses were 
performed on the CSD transformed data. 
Measures 
In the following sections, I describe the method for gleaning measures of spoken 
language and pointing gesture production from the free-play interaction transcripts, 
measures of infant language and pointing production from the parent questionnaires, and 





Spontaneous language production during free play. Automated analyses of the 
transcripts using the CLAN program were conducted to yield descriptive measures of 
infant and parent speech. The total number of words produced (word tokens) serves as a 
measure of quantity of speech. The total number of unique words spoken (word types) 
serves as a measure of vocabulary diversity.  
Parent reported infant receptive vocabulary. Scores from the short form of the 
MacArthur-Bates Communicative Development Inventory (MCDI: Fenson et al., 2000) 
was used as a measure of children’s language at all three time points. Parents completed 
the infant short form which is suitable for infants aged 8- to 18-months and provides a 
checklist of 89 words for parents to indicate whether their child understands, or 
understands and uses each word. The total number of words a parent indicated their child 
understands served as a measure of infants’ receptive vocabulary. The measure of 
productive vocabulary typically extracted from the MCDI, the total number of words a 
parent indicated their child understands and says, did not show sufficient variability in 
this sample and was thus not included.  
Parent and infant pointing production 
Spontaneous pointing production during free play. The CLAN program from 
CHILDES (MacWhinney, 2000) was used to extract instances of parent and child 
pointing from each transcript. Point tokens, or the total number of pointing gestures 
produced, serves as a measure of pointing quantity. Point types, or the total number of 
different meanings conveyed through point, serves as a measure of pointing diversity 




Meadow, 2009a). These measures were calculated separately for both parent and child 
and at both Time 1 and Time 2. 
 Parent reported infant pointing production. At the start of the initial visit at 
Time 1, parents filled out a short survey asking if and when their infant reached certain 
motor and communicative milestones (see Appendix A for individual items). Among 
these items is one question that asks whether their child had started pointing. It is possible 
that infants who had begun pointing would not actually point during the free play.  
Therefore, this parent report of child pointing was used as a supplementary means of 
measuring infants’ pointing ability. 
Infant MNS activity 
Mu rhythm desynchronization. The cleaned, epoched, and CSD transformed 
EEG data were then decomposed into the time-frequency domain using the EEGLAB 
newtimef function. Time-frequency analysis provides a two-dimensional perspective of 
the data, across time and frequency band. Event related spectral perturbation (ERSP) 
were then calculated on the time-frequency data, providing an estimate of average 
changes in spectral power (in dB) relative to baseline (Delorme & Makeig, 2004; 
Makeig, Debener, Onton, & Delorme, 2004). Specifically, spectral power in the 
frequency range of 5-40Hz was estimated within each epoch with complex Morlet 
wavelets. Wavelet cycles ranged from 3 cycles at the lowest frequency up to 12 cycles at 
the highest frequency. ERSPs were computed for all channels and separately for the three 
events of interests (observe grasp, observe point, and execute grasp) and for each epoch 
relative to the preceding 2-second epoched baseline period. Negative ERSPs indicate 




synchronization. Average ERSPs were than calculated for pre-defined electrode clusters 
over frontal, central, parietal, and occipital sites defined as follows (see Figure 4): frontal 
(F3: 19, 20, 23, 24, 27, 28; F4: 3, 4, 117, 118, 123, 124), central (C3: 29, 30, 36, 41, 42; 
C4: 93, 103, 104, 105, 111), parietal (P3: 47, 51, 52, 53, 59, 60; P4: 85, 86, 91, 92, 97, 
98), and occipital (O3: 66, 69, 70, 71, 74; O4: 76, 82, 83, 84, 89). The primary ERSP of 
interest was mu (6-9Hz) rhythm activity on electrodes overlying the motor cortex (C3, 
C4). However, ERSPs in the same frequency band as mu rhythm were analyzed for all 
electrode clusters. ESRPs were further averaged into four time windows across the two-
second epochs. These were: 1500ms to 1000ms prior to the action completion, 1000ms to 
500 ms prior to the action completion, 500ms to 0ms prior to the action completion, and 
0ms to 500ms after the action completion. From henceforth, to avoid confusion with the 
term Time referring to study design measurement times (i.e., Time 1, Time 2, and Time 
3) these time windows are referred to as epochs. For the observe conditions, the first two 
epochs capture the period when the action starts (when the experimenter’s arm starts 
moving) and the experimenter’s arm is moving toward the toy. The third epoch captures 
the final goal-state of the action (that being either grasping the toy or pointing to it), and 
is of particular interest. During the final epoch, the experimenter remains still, either with 
her hand on the toy or pointing at it. There is a documented rebound of the mu rhythm 
after an observed action has ended (Southgate et al., 2010), and inclusion of this post-
action epoch is intended to capture that. Due to the erratic nature of infants’ movements, 
what occurs during each epoch is not as consistent. However, whenever a grasp occurred 
this two-second period captured the infants’ arm(s) moving toward the toy and either 





Data Analysis Plan 
Prior to addressing my primary research questions, preliminary analyses were 
done aimed at ensuring comparability across the training and control group at Time 1. A 
series of independent sample t-tests were conducted to ensure that the two groups did not 
differ in terms of age or gender, on behavioral measures prior to randomization (parent or 
Figure 5. Electrode clusters for Frontal (blue), Central (orange), Parietal 




child pointing, child language), nor in terms of infant mu rhythm desynchronization 
measured during the first lab visit.  
RQ 1. Do infants exhibit MNS activity, as indexed by mu rhythm 
desynchronization, during observation of communicative pointing gestures? And 
if so, how does that activity compare to their MNS activity during observation and 
execution of non-communicative grasping actions? 
 
To identify significant mu rhythm desynchronization at Time 1, a point-wise 
analysis of spectral power modulation in all channels for each event of interest was 
conducted. This analysis compares EEG activity modulation (the difference from 
baseline) against a null hypothesis of zero, and allows visualization of the statistically 
significant time-frequency intervals. One-sample non-parametric permutation tests 
against zero were computed for each time point using the “std_stat” function of the 
EEGLAB toolbox. False discover rate (FDR) correction was applied to the 2000 
permutations that were conducted. To statistically compare mu rhythm desynchronization 
across the three conditions, a repeated measures analysis of variance (ANOVA) was 
conducted with Condition (Observe Point, Observe Grasp, and Execute Grasp), Region 
(Frontal, Central, Parietal, and Occipital), Hemisphere (Left and Right), and Epoch (-
1500 to -1000ms, -1000 to -500ms, -500 to 0ms, 0 to 500ms windows) as within-subjects 
factors. Greenhouse-Geisser correction was applied for any violations of sphericity, and 
FDR correction was applied for multiple comparisons. 
Based on previous research with adults finding mu rhythm desynchronization 
during observation of communicative gestures (e.g., Quandt et al., 2012; Streltsova et al., 
2010), I expected to find significant desynchronization of the mu rhythm during 
observation of pointing gestures that would be similar to that seen during observation of 




execution of grasping as compared to the two observation conditions, but I also expected 
to see topographic similarity across the three conditions. 
RQ 2. What is the relation between infants’ MNS activity during observation of 
pointing gestures and their experience with pointing gestures, at baseline? 
 
Two sets of analyses were conducted to address the second research question, 
regarding the relations between mu rhythm desynchronization during observation of 
pointing gestures and experience with pointing, at baseline. As described earlier, the 
useable measure of infant pointing was the parent report question as to whether their 
child had started pointing yet, asked at the Time 1 visit. Thus, to first address the relation 
between infant mu rhythm desynchronization and first-hand production of pointing 
gestures, I compared infants’ mu rhythm desynchronization during observation of the 
pointing gestures between those infants who were designated as ‘pointers’ by their 
parents and those who had not yet started pointing. A RM-ANOVA with Condition 
(Observe Point, Observe Grasp, and Execute Grasp), Region (Frontal, Central, Parietal, 
and Occipital), Hemisphere (Left and Right), and Epoch (-1500 to -1000ms, -1000 to -
500ms, -500 to 0ms, 0 to 500ms windows) as within-subjects factors and with pointing 
status (Pointers, Non-Pointers) as a between-subjects factor was conducted. Drawing on 
my theoretical approach to this study, I expected that infants’ who were categorized as 
pointers by their parents would exhibit stronger mirroring activity to pointing (and thus 
have more negative mu rhythm desynchronization) than their peers who were not yet 
pointing.  
 Second, to address the relation between infant MNS activity and their 
observational experience with pointing gestures, Pearson correlations were calculated 




desynchronization during observation of pointing gestures. Previous research has shown, 
in adults, that first-hand experience leads to stronger MNS activity as compared to 
observational experience (Cannon et al., 2014), however more recent research suggests 
that first-hand experience may not be necessary (de Klerk et al., 2016). Thus, I expected 
to find a significant negative relation between parents’ pointing production and their 
infant’s mu rhythm desynchronization during observation of pointing, such that infants of 
parents who produced more points would exhibit stronger MNS activity when observing 
pointing gestures. 
RQ 3. What is the relation between infants’ MNS activity during observation of 
pointing gestures and their language ability, at baseline?  
 
To examine relations between infants’ MNS activity while observing points and 
their language ability, at baseline, Pearson correlations were calculated between infants’ 
mu rhythm desynchronization during observation of the pointing gestures and infants’ 
MCDI receptive vocabulary scores at Time 1.  
RQ 4. Does increasing infants’ experience with pointing gestures lead to greater 
MNS activity during observation of points? 
 
Addressing the question of whether increasing infants’ experience with pointing 
gestures lead to greater MNS activity during observation of points occurred in several 
steps. First, I assessed the effectiveness of the training at increasing infants’ experience 
with pointing gestures, that is, on parent or infant pointing production. As can be seen 
below, in the descriptive statistics, most of the infants did not point at Time 2. This 
indicates either, the training either had no effect on infant pointing or that the current 
measures were too crude to accurately capture infants’ pointing ability. Thus, these 




infants’ observational experience with points. A series of independent samples t-tests, 
with FDR correction for multiple comparisons, were conducted to compare the training 
and control groups on raw measures of parent pointing at Time 2. Additionally, change 
scores were calculated for measures of parent pointing, calculated as Time 2 measure – 
Time 1 measure. Comparisons of these change scores control for any potential 
differences at Time 1.  
Next, I examined the effect of experience on infants’ mu rhythm 
desynchronization in two ways: in terms of overall training group differences, and the 
incremental effect that experience might have had. First, a RM-ANOVA was conducted 
with Region (Frontal, Central, Parietal, Occipital), Hemisphere (Left, Right), and Epoch 
(-1500ms to -1000ms, -1000ms to -500ms, -500ms to 0ms, 0ms to 500ms) as within-
subjects factors, and Training Group (Training, Control) as a between-subjects factor, 
with interest specifically in whether there was a main effect of training or any interactions 
with training group. In anticipation of low power due to the small sample size and likely 
small effect sizes, a series of independent t-tests, comparing infants’ mu rhythm 
desynchronization scores measured at Time 2, across the two groups will be conducted to 
examine group differences within each region, hemisphere and epoch. Both the RM-
ANOVA and t-tests were conducted twice, first using Time 2 ERSPs and then using 
change in neural activity from Time 1 to Time 2 (calculated as desynchronization at Time 
2 – desynchronization at T1). I expected to see infants in the pointing training group 
exhibit greater change in their mirroring activity as a result of their increased experience 




exhibit significantly stronger mu rhythm desynchronization at Time 2 and greater change 
such that their change scores would be more negative than those in the control group. 
 To further explore the relation between experience and mu rhythm 
desynchronization at the level of individual differences, I also examined the relation 
between change in parent pointing and change in infant mirroring activity. To capture the 
continuous relations between change in parent pointing and change in infant mirroring 
activity and to maximize power by using information from all participants, including 
those with missing data, a change score model was conducted in Mplus (Muthen & 
Muthen, 2012). A change score model allows for missing data using Full Information 
Maximum Likelihood (FIML) estimation, which provides robust parameter estimates and 
standard errors for data that is missing at random or completely at random. Thus, I was 
able to include data from all 81 participants. In addition, Satorra-Bentler correction was 
applied to account for assumed nonnormality of the data to ensure robust standard errors 
and avoid potential for inflated significance and Type 1 errors (Satorra & Bentler, 1994). 
This type of model also provides estimates of fixed effects, i.e., population parameters as 
estimated by the average model of the entire sample, and random effects, i.e., individual 
variation in model parameters, and is further ideal for the current study because it can 
provide estimates of both direct and indirect effects, and allows the testing of explicit 
directionality in relations between variables, for example that change in parent pointing 
would predict change in infants’ mu rhythm activity. A single full model was fit, 
simultaneously testing all direct and mediating effects, controlling for all other effects in 




Figure 6 shows the full model that was estimated. Infants’ starting mu rhythm 
activity and change score were modeled as a function of baseline (Time 1) and change in 
parent pointing, infants’ parent-reported pointing status at Time 1, and training group. 
Change score variables were estimated to capture change in both parent pointing and 
infant mu rhythm. Pointing status was dummy coded with pointers as 1 and non-pointers 
as 0, and training group was dummy coded with the training group as 1 and control group 
as 0. Both pointing status and training were treated as dichotomous measured variables. 
The measure(s) of mu rhythm activity included in this model was informed by the results 
of the previous analyses examining group level differences. That is, the combination(s) of 
hemisphere and epoch that showed significant group differences based on the above t-
tests were included as the measure(s) of infant mu rhythm activity. This model was 
repeated twice using point tokens and then point types as the measure of parent pointing.  
This analysis allowed me to determine whether differences in the efficacy of the 
training, that is, how much each dyad increased in their pointing production from Time 1 
to Time 2, had an incremental effect on infants’ mu rhythm desynchronization. In their 
study looking at the relation between crawling experience and mirroring activity, van Elk 
and colleagues (2008) found a significant relation. Thus, I predicted that the amount of 
change in pointing experience would be related to change in infant’s mu rhythm 
desynchronization, and that this would mediate the effect of training group on change in 







RQ 5. Does increasing infants’ experience with pointing gestures lead to 
increases in their communicative skill? 
 
  Prior to examining change in infants’ language, I looked at relations between 
infants’ and parents’ pointing and infants’ language skills at Time 1, using either t-tests to 
look at differences based on infants’ parent reported pointing status or Pearson 
correlations to examine relations with parents point tokens and types.  
Due to the lack of infant points during the free play, the effect of the training on 
infants’ pointing could not be assessed. Therefore, these analyses focus on the effect of 
Figure 6. Planned change score model for examining change in infant 




the training on infants’ vocabulary as opposed to both pointing and vocabulary. Change 
scores were calculated for infants’ receptive vocabulary, similarly to the ERSP change 
scores described above. Two sets of change scores were calculated to capture change 
from Time 1 to Time 2 (Time 2 vocab – Time 1 vocab) and from Time 2 to Time 3 (Time 
3 vocab – Time 2 vocab). In order to examine change in infants’ language skills, 
specifically their vocabulary as measured via parent report, I utilized a similar change 
score model to that described above swapping in change in infants’ receptive vocabulary 
as the outcome variable of interest (Figure 7). Specifically, change in infants’ receptive 
vocabulary scores across all three time points were modeled as a function of baseline and 
change in parent pointing. As such, two change variables were estimated to capture 
change from Time 1 to Time 2 and then from Time 2 to Time 3. I predicted that the effect 






 RQ 6. Does infants’ MNS activity during observation of pointing gestures 
mediate the relation between experience with points and their developing 
vocabulary?  
 
This final question builds upon the previous two questions by directly examining 
whether the changes in MNS activity, predicted by increased experience with pointing 
gestures, in turn predicts changes in infants’ own vocabulary growth. To address this 
question the previous two sets of change score models were combined (Figure 8). Time 1 
mu rhythm activity and change in mu rhythm activity from Time 1 to Time 2 were 
Figure 7. Planned change score model for examining change in infant 




inserted as mediators between infant/parent pointing and infant vocabulary. Of particular 
interest was the indirect effect from change in parent pointing to infant vocabulary 
through change in infant’s mu rhythm activity. Support for such a model would be the 
first explicit evidence for a causal link between experience, MNS activity, and the 
development of communicative skills.  
Due to the binary nature of the infant pointing measure at Time 1, traditional fit 
statistics for the models could not be derived. Thus, to assess fit, all of the above models 
were regenerated ignoring the categorical status of this measure to determine a rough 
estimate of model fit. All of these alternate models fit the data well: all RMSEA values < 





Figure 8. Planned change score model for examining change in infant 
mirroring activity as a mediator for the relation between change in parent 




Chapter 4: Results 
Descriptive Statistics and Preliminary Analyses 
Table 1 provides sample sizes and descriptive statistics for the infant and parent 
pointing and infant language measures at each time point. All parent measures were 
within an acceptable range (±2) of skewness to be considered univariate normally 
distributed, however several infant measures were not. This was mostly due to a large 
proportion of infants not producing any words or points. Specifically, at Time 1, 67 
infants (82.7%) did not produce any words during the free play and 67 infants (82.7%) 
did not produce any points during the free play. It should be noted that these are not the 
exact same infants across the two measures; 57 infants produced neither words nor points 
at Time 1. At Time 2, 54 infants (66.7%) did not speak during the free play and 49 
(68.1%) did not point. Due to these uneven distributions, these measures were excluded 
from further analyses. Infant EEG measures were also examined to identify any outliers 
or issues with non-normality. No issues were identified. 
Within the subsample of participants who returned for Visit 2 (N=72; NTraining 
Group=35; NControl Group=37), there were no group differences on any measures of pointing 
or language, nor age (all t’s < 1.26, all p’s > 0.21). Infant gender was also relatively 
matched across the groups (Control: females=19, males=18; Training: females=15, 
males=20). There were also no group differences at Time 1in terms of infant mu rhythm 
desynchronization.  Due to data loss in the EEG processing steps, sample sizes vary 
depending on the condition(s) and time point(s) being considered. Table 2 summarizes 
this information. Due to the small sample sizes, primary analyses are conducted within 




Supplemental Analyses for similar analyses within the observe grasp and execute grasp 
conditions). 
Table 1. Descriptive Statistics for pointing and language measures at each time point. 





Infant Measures    
Free play pointing    
Point tokens M=0.41, SD=1.16 
Range: 0-7 
M=1.21, SD=2.48 
Range: 0-11  
Point types M=0.31, SD=0.77 
Range: 0-3 
M=0.90, SD=1.83 
Range: 0-8  
Pointing Status Pointed n=14 
Did not n=67 
Pointed n=23 
Did not n=49  
Parent report pointing    
Pointing Status Pointing n=55 
Not yet  n=26 
  
Free play language    










MCDI language    






Parent Measures    
Free play pointing    
Point tokens M=11.70, SD=9.29 
Range: 0-42 
M=22.57, SD=19.12 
Range: 0-69  
Point types M=5.93, SD=3.79 
Range: 0-15 
M=10.74, SD=7.07 







Table 2. Number of infants with useable EEG data after processing 
 Observe Point Observe Grasp Execute Grasp All Conditions 
 All Tx Cx All Tx Cx All Tx Cx All Tx Cx 
Time 1             
 42 20 22 41 19 22 39 19 20 27 15 12 
Time 2             
 40 21 19 42 21 21 37 19 18 27 12 15 
Time 1 + Time 2             
 29 16 13 28 16 12 24 12 12 12 7 5 
Note. All – whole sample; Tx – Training group; Cx – Control group 
 
Primary Analyses 
Mirroring activity during observation of pointing gestures 
RQ 1. Do infants exhibit MNS activity, as indexed by mu rhythm 
desynchronization, during observation of communicative pointing gestures? And, 
if so, how does that activity compare to their MNS activity during observation and 
execution of non-communicative grasping actions? 
 
 
 Figure 9 shows results of the time-frequency analysis on EEG activity at Time 1, 
and Figure 10 shows the statistically significant time-frequency intervals as revealed by 
point-wise analysis. Topographic plots of the baseline corrected activity within the 6-9Hz 
frequency band over the scalp were also generated to allow for visual, qualitative 






Figure 9. Time frequency plots of average infant baseline corrected activity at Time 1 
during the observe grasp condition (top rows), observe point condition (middle rows), 
and execute grasp condition (bottom rows) within each electrode cluster, divided by 








Figure 10. Time frequency plots of average infant baseline corrected activity at Time 
1, with non-significant activity masked, during the observe grasp condition (top rows), 
observe point condition (middle rows), and execute grasp condition (bottom rows) 
within each electrode cluster, divided by region and hemisphere. Time 0 in all 







 As can be seen from the above figures, all three conditions evoked mu 
desynchronization over the central region/electrode cluster, however there were temporal 
differences across the conditions. In the execute grasp condition, there was significant mu 
rhythm desynchronization overlying the motor cortex (C3, C4) throughout the time 
period of interest, spanning both the period prior to grasp completion (during the action) 
and after the grasp was completed (Figure 9/10 – bottom two rows; Figure 11 - bottom 
row). There was also significant mu rhythm desynchronization during the observation of 
both grasping (Figure 9/10 – top two rows, Figure 11 – top row) and pointing (Figure 
Figure 11. Topographic plots of infant baseline corrected activity averaged over the 6-
9 Hz frequency band in the observe grasp condition (top row), observe point condition 
(middle row), and execute grasp condition (bottom row). Plots are divided according 
to the four 500ms epochs (-1500ms to -1000ms, -1000ms to -500ms, -500ms to 0 ms, 




9/10- middle two rows. Figure 11 – middle row) around the start of the action in the 
earliest time window which tapered off as the action was completed.  
 Results of the RM-ANOVA revealed a significant main effect of Region (F(2.16, 
56.11)=27.91, p<.001, ηp2=0.52). Follow-up analyses indicated that infants showed an 
increase in power relative to baseline (or synchronization) over the occipital region 
(M=0.89, SE=0.18), whereas there was desynchronization over all other regions (Frontal: 
M=-0.36, SE=0.12; Central: M=-0.71, SE=0.22; Parietal: M=-0.14, SE=0.13). Occipital 
power was significantly greater than that over all other regions (Frontal: t(26)=6.52, 
p<.001; Central: t(26)=6.40, p<.001; Parietal: t(26)=6.53, p<.001), and there was 
significantly more desynchronization over the central than parietal region (t(26)=3.49, 
p=.002).  
 The ANOVA also revealed a significant main effect of Epoch (F(3, 78)=11.11, 
p<.001, ηp2=.30). Follow-up analyses indicated that desynchronization was greatest in the 
earliest epoch (M-1500to-1000ms=-0.28, SE=0.14) and this was significantly greater than that 
in the last two epochs (M-500to-0ms=0.11, SE=0.13, t(26)=4.44, p<.001; M0to500ms=0.08, 
SE=0.14, t(26)=3.72, p=.001). Desynchronization in the second epoch (M-1000to-500ms=-
0.22, SE=0.14) was also significantly greater than that in the last two epochs (-500to0ms: 
t(26)=5.23, p<.001; 0to500ms: t(26)=3.46, p=.002). However, there was no difference 
between the first and second nor between the third and fourth epochs.  
 Additionally, there was a significant Condition x Region interaction (F(3.59, 
93.29)=9.95, p<.001, ηp2=.28), such that desynchronization in the central region was 
significantly greater in the execute grasp condition as compared to the observe grasp 




no significant differences between the two observe conditions. Further, synchronization 
in the occipital region was significantly greater in the execute grasp condition than the 
observe grasp condition (t(30)=2.89, p=.007). Lastly, there was also a significant 
Condition x Region x Epoch interaction (F(8.50, 221.02)=4.55, p<.001, ηp2=.15). Within 
the execute grasp condition, there was consistent desynchronization across all epochs in 
the frontal, central, and parietal regions, however in both of the observe conditions, there 
was desynchronization in the first epochs which tapered off in the later time windows. 
- - - 
In sum, at Time 1 infants’ do show mirroring activity during observation of 
pointing gestures. This activity shares topographic similarities with that during 
observation and execution of grasping actions, and is also similar in timing and 
strength of activity to that during observation of grasping.  
 
Relations between mirroring activity and experience with gestures  
RQ 2. What is the relation between infants’ MNS activity during observation of 
pointing gestures and their experience with pointing gestures, at baseline? 
 
 Results of the RM-ANOVA comparing neural activity between those infants who 
were designated as ‘pointers’ by their parents and those who were not showed no main 
effect of or interactions with pointing status. However, the distribution of pointers v. non-
pointers was quite uneven. Of the 27 infants who had useable EEG in all three conditions, 
20 were pointers and 7 were non-pointers. Therefore, this analyses was repeated within 
the observe point condition. Of the 42 infants with useable EEG data in the observe point 




respond to this question. Again, results of this second RM-ANOVA did not reveal any 
main effect or interactions with pointing status. 
Similarly, there were no significant relations between parents’ pointing 
production during the free play and their infants’ mu rhythm desynchronization during 
observation of pointing gestures (Table 3). Neither parents’ point tokens nor point types 
were significantly related to infants’ ERSPs in the observe point condition (see 
Supplemental Analyses for results of similar analysis with ERSPs in other conditions).  
- - - 
Thus, at Time 1, I did not find evidence for a relation between infant’s own 
or observational experience with pointing and their mirroring activity to pointing. 
 
Table 3. Correlations between parent pointing and infant ERSPs during the observe point condition at 
Time 1 (N=42). 









F3    C3   
-1500 to -1000 -.15 -.21  -1500 to -1000 -.01 -.05 
-1000 to -500 .10 .12  -1000 to -500 -.16 -.11 
-500 to 0 -.18 -.05  -500 to 0 -.14 -.05 
0 to 500 -.06 -.01  0 to 500 -.21 -.20 
F4    C4   
-1500 to -1000 .09 .26  -1500 to -1000 .07 .24 
-1000 to -500 .09 .27  -1000 to -500 .10 .27 
-500 to 0 .13 .19  -500 to 0 -.09 .12 
0 to 500 .16 .23  0 to 500 -.01 .09 
       
P3    O1   
-1500 to -1000 .06 .05  -1500 to -1000 .12 .08 
-1000 to -500 .04 .05  -1000 to -500 -.03 -.02 
-500 to 0 .10 .19  -500 to 0 .03 .00 
0 to 500 .28 .20  0 to 500 .21 .16 
P4    O2   
-1500 to -1000 .28 .30  -1500 to -1000 .11 .04 
-1000 to -500 .11 .14  -1000 to -500 .15 .09 
-500 to 0 .10 .04  -500 to 0 .06 .01 





Relations between mirroring activity and language ability 
RQ 3. What is the relation between infants’ MNS activity during observation of 
pointing gestures and their language ability, at baseline? 
 
As can be seen in Table 4, relations between infants’ mu rhythm 
desynchronization during observation of the pointing gestures and infants’ MCDI 
receptive vocabulary scores at Time 1 approached significance only between infants’ 
receptive vocabulary and their ERSPs over the Central region, that is, specifically with 
their mu rhythm activity. Only one relation, that with the ERSP over C3 in the -1000ms 
to -500ms epoch was significant. This does not hold up after correction for multiple 
comparisons, however there was a similar pattern of relations across epochs in the C3 
cluster. The relation is moderately significant when collapsed across epochs (r=-.28, 
p=.07).  
- - - 
Thus, there is a trend but not conclusive evidence for a relation between 
infants’ mirroring activity during observation of pointing gestures and their 




Table 4. Correlations between infants’ receptive vocabulary and 
ERSPs during the observe point condition at Time 1. 
 T1 MCDI Receptive  
T1 MCDI 
Receptive 
F3  C3  
-1500 to -1000 -.17 -1500 to -1000 -.19 
-1000 to -500 -.08 -1000 to -500 -.33* 
-500 to 0 -.14 -500 to 0 -.24 
0 to 500 -.11 0 to 500 -.24 
F4  C4  
-1500 to -1000 -.05 -1500 to -1000 -.08 
-1000 to -500 .05 -1000 to -500 -.02 
-500 to 0 .03 -500 to 0 -.05 
0 to 500 .01 0 to 500 -.06 
P3  O1  
-1500 to -1000 -.07 -1500 to -1000 -.03 
-1000 to -500 -.10 -1000 to -500 -.18 
-500 to 0 -.18 -500 to 0 -.23 
0 to 500 -.02 0 to 500 .13 
P4  O2  
-1500 to -1000 .08 -1500 to -1000 .21 
-1000 to -500 .01 -1000 to -500 .11 
-500 to 0 -.06 -500 to 0 .02 
0 to 500 .11 0 to 500 .16 
Note. * p <.05    
 
Effect of training on infants’ mirroring response and communicative skill 
Results of the independent samples t-tests comparing the training and control 
group on parent pointing measures at Time 2 showed that parents in the training group 
produced significantly more point tokens (t(70)=5.12, p<.001) and point types 
(t(70)=4.20, p<.001) at Time 2 than those in the control group (Figure 12). Additionally, 
parents in the training group also showed a greater positive change in the amount of point 
tokens (t(70)=5.44, p<.001) and point types (t(70)=4.67, p<.001) that they produced as 






 Effect of training on mirroring response.  
RQ 4. Does increasing infants’ experience with pointing gestures lead to greater 
MNS activity during observation of points? 
 
 Overall group differences. Results of the RM-ANOVA comparing activity at 
Time 2 across the training and control group showed that the main effect of training 
group was not significant (F(1,38)=1.83, p=.18, ηp2=.05), and the four-way interaction 
between Region x Hemisphere x Epoch x Training Group was the only interaction with 
training group that even approached significance (F(9,342)=1.60, p=.11, ηp2=.04). 
Despite these null to marginal results, the series of planned independent t-tests were 
conducted, comparing infants’ mu rhythm desynchronization measured at Time 2, across 
the two groups (Figures 13-16). My hypotheses focused on seeing differences in the 
Central region, but for comparison these analyses were repeated across all four regions. 
There was a significant group difference in the right Central electrode cluster (C4) in the 










Parent Point Tokens Parent Point Types Δ Parent Point Tokens Δ Parent Point Types 
Training Group 
Control Group 












0ms: t(38)=-2.18, p=.036) and a moderately significant group difference also in C4 in the 
epoch capturing the start of the movement (t(38)=-1.73, p=.09). While no other 
comparisons were significant, there is an overall pattern across the Frontal, Central, and 
Parietal regions with the training group showing stronger desynchronization as compared 
to the control group. Thus, infants in the training group tended to show a stronger and 
longer sustained mirroring response at Time 2 than those in the control group. 
  
Figure 13. Comparison of EEG activity, as compared to baseline, at Time 2 during the 

















































































Figure 14. Comparison of EEG activity, as compared to baseline, at Time 2 during the 






















































































Figure 15. Comparison of EEG activity, as compared to baseline, at Time 2 during the 




















































































Figure 16. Comparison of EEG activity, as compared to baseline, at Time 2 during the 
observe point condition over the Occipital region. 
 
Results of the second RM-ANOVA using change scores showed, again, that the 
main effect of training group was not significant (F(1,27)=.001, p=.97, ηp2=.00), however 
there was a significant Epoch x Training Group interaction (F(2.35, 63.47)=4.06, p=.02, 
ηp2=.13), such that the control group saw a greater decrease in activity from Time 1 to 
Time 2 over the first (MCentral=-.30, SE=.38; MTraining=.07, SE=.34t) and second 
(MControl=-.40, SE=.33; MTraining=.16 SE=.30) epochs, whereas the training group saw a 

















































































MTraining=-.39, SE=..31) and fourth (MControl=.25, SE=.39; MTraining=-.50 SE=.35) epochs. 
There was also a moderate Hemisphere x Training Group interaction (F(1, 27)=3.03, 
p=.09,  ηp2=.10), such that the control group saw a greater decrease in activity from Time 
1 to Time 2 over the left hemisphere (MControl=-.24, SE=.36; MTraining=.19, SE=.33), 
whereas the training group saw a greater decrease in activity from Time 1 to Time 2 over 
the right hemisphere (MControl=-.06, SE=.36; MTraining=-.52, SE=.32). 
 Again, the series of planned independent t-tests were conducted, comparing 
change in infants’ mu rhythm desynchronization ERSPs, across the two groups (Figures 
17-20). As in the comparison of Time 2 activity, the comparison of change in activity 
from Time 1 to Time 2 showed that the greatest group difference in the Central electrode 
cluster is in the right hemisphere (C4) in the later epochs. Specifically, there was a 
marginally significant group difference in the epoch where the experimenter held still in 
the final goal-state, just after completion of the point (0ms to 500ms: t(27)=-1.84, p=.08). 
This same epoch showed group differences in the right frontal (F4: t(27)=-2.19, p=.04) 
and right occipital (O2: t(27)=-1.77, p=.09) electrode clusters as well.  
- - - 
Thus, summarizing the results from comparing activity at Time 2 and 
comparing change in activity from Time 1 to Time 2, infants in the training group 
not only showed more mirroring activity after the training period, but also showed 
greater change in their mirroring response from Time 1 to Time 2. Both of these 
comparisons are greatest toward the end of the window of interest, that is, during 





Figure 17. Comparison of change in EEG activity from Time 1 to Time 2 during the 






































































































Figure 18. Comparison of change in EEG activity from Time 1 to Time 2 during the 





































































































Figure 19. Comparison of change in EEG activity from Time 1 to Time 2 during the 




































































































Figure 20. Comparison of change in EEG activity from Time 1 to Time 2 during the 
observe point condition over the Occipital region. 
 
 Relations between individual differences in change. Results of the change score 
models examining relations between change in parent pointing and change in infant mu 
rhythm activity follow. For these, and the following, analyses I focused specifically on 
the hemisphere and epochs in the Central electrode cluster (i.e., measuring sensorimotor 
activity) that showed the overall greatest group differences in activity measured at Time 2 
and in change in activity from Time 1 to Time 2. Specifically, an average was created 




































































































the completion of the point (average of the -500ms to 0ms epoch and the 0ms to 500ms 
epoch) in the C4 electrode cluster.  
 Figure 21 shows results for the model explaining change in infants’ mu rhythm 
activity using point tokens as the measure of parent pointing. There was no direct effect 
of training group on change in infants’ mu rhythm, however positive change in parent 
point tokens significantly predicted negative change in infants’ mu rhythm activity from 
Time 1 to Time 2. The indirect effect of training group on Time1-Time2 change in mu 
rhythm activity was also significant (B=-.81, p=.01). Neither infant pointing status nor 
parents’ point tokens at Time 1 were related to infant mu rhythm activity at Time 1 or 
change in mu rhythm activity. Parents who produced more point tokens at Time 1 saw 
less change in their own point tokens, and, as we saw before in the analysis examining 
the effect of training on parent pointing, training group significantly positively predicted 
change in parents’ point tokens. Results for the model explaining change in infants’ mu 
rhythm activity using point types as the measure of parent pointing can be seen in Figure 
22. As before, there was no direct effect of training group on change in infants’ mu 
rhythm, but there was a significant negative relation between change in parent point types 
and change in infants’ mu rhythm activity from Time 1 to Time 2. Again, the indirect 
effect of training group on Time1-Time2 change in mu rhythm activity was also 
significant (B=-1.06, p=.001).  
- - - 
 In sum, these findings indicate that the training was effective not only in 
increasing parents’ pointing production, but also had a significant indirect effect on 




change in the number of point tokens and types produced, and greater positive 
change in parent point tokens and point types was related to greater negative 
change in infants’ mu rhythm desynchronization. 
Figure 21. Change score model estimating infants’ change in infants’ mu rhythm 
activity using point tokens as the measure of parent pointing. Solid black lines 






 Effect of training on communicative skill 
RQ 5. Does increasing infants’ experience with pointing gestures lead to 
increases in their communicative skill? 
 
 Analysis of relations between infants’ pointing, parent pointing, and infant 
language at Time 1 showed that infants’ parent reported pointing status was not related to 
receptive vocabulary (t(78)=-0.57, p=.57). Further, the number of point tokens parents 
produced was significantly related to their infants’ receptive vocabulary (r=.37, p=.001). 
Figure 22. Change score model estimating infants’ change in infants’ mu rhythm 
activity using point types as the measure of parent pointing. Solid black lines 





Parents’ point types were also related to infants’ receptive (r=.30, p=.007) vocabulary. 
Parents’ pointing also differed depending on infants’ pointing status. Parents who had 
designated their infant as a ‘pointer’ at Time 1 produced more point tokens 
(MTraining=13.00, SD=9.24; MControl=8.56, SD=8.92; t=-2.01, p=.05) and point types 
(MTraining=6.60, SD=3.67; MControl=4.12, SD=3.23, t=-2.90, p=.005) than parents whose 
infants were not yet pointing, according to their report.  
 Overall, infants’ showed significant positive change in their vocabulary scores 
during both time periods (ΔTime1 to Time2: N=72, Mean=11.29, SD=12.36, t(71)=7.75, 
p<.001; ΔTime2 to Time 3: N=68, Mean=12.25, SD=12.41, t(67)=8.14, p<.001). Results 
for the model explaining change in infants’ receptive vocabulary and using point tokens 
as the measure of parent pointing can be seen in Figure 23. There was no direct effect of 
training group on change in infants’ receptive vocabulary. As shown previously, parents’ 
point tokens at T1 predicted infants’ vocabulary at T1. Change in parent point tokens 
moderately predicted change in infants’ vocabulary from Time 1 to Time 2 and from 
Time 2 to Time 3, however this relation was positive with Time 1 to Time 2 change and 
negative with Time 2 to Time 3 change. The indirect effect of training group on Time1-
Time2 change in receptive vocabulary was also moderately significant (B=2.28, p=.07), 
as was the indirect effect of training on Time2-Time3 change (B=-2.57, p=.09). Results 
for the model explaining change in infants’ receptive vocabulary and using point types as 
the measure of parent pointing can be seen in Figure 24. Results mirror the previous 
model, however parent point types at Time 1 significantly predicts the likelihood of a 
child being a pointer at Time 1 and change in infant’s receptive vocabulary from Time 1 




point types and infant vocabulary change from Time 1 to Time 2, and a moderate and 
negative relation between change in parent point types and infant vocabulary change 
from Time 2 to Time 3. The indirect effect of training group on Time1-Time2 change in 
receptive vocabulary was also moderately significant (B=2.55, p=.10), as was the indirect 
effect of the training on Time2-Time3 change in receptive vocabulary (B=-2.63, p=.07). 
These results suggest a positive indirect effect of the training on infants’ receptive 
vocabulary growth from Time 1 to Time 2, as a function of change in parents’ point 
tokens and point types. This positive effect seems to reverse for change in infant 
receptive vocabulary from Time 2 to Time 3, such that more of an increase in parent 
point types from Time 1 to Time 2 is related to less change in infants’ receptive 
vocabulary from Time 2 to Time 3. 
- - - 
 In sum, the training had a moderate indirect effect on growth in receptive 
vocabulary through its direct effect on increases in parent pointing. The relation 
between change in parent pointing (both tokens and types) and change in infants’ 
vocabulary was nuanced, such that the concurrent relations of change from Time 1 
to Time 2 were positive – greater positive change in parent pointing was related to 
greater positive change in infant vocabulary – whereas the predictive relations from 
change in parent pointing from Time 1 to Time 2 to change in infant vocabulary 
from Time 2 to Time 3 were negative – greater positive change in parent pointing 







Figure 23. Change score model estimating infants’ change in receptive vocabulary 
and using point tokens as the measure of parent pointing. Solid black lines indicate p 
< .05, solid gray lines indicate p < .10, and dotted gray lines indicate p > .10. *** p 






 Mirroring activity as a mediator 
RQ 6. Does infants’ MNS activity during observation of pointing gestures mediate 
the relation between experience with points and their developing vocabulary?  
 
Results for the model exploring change in infant mu rhythm as a mediator for the 
relation between change in parent pointing and change in infant vocabulary, and using 
parent point tokens as the measure of parent pointing, can be seen in Figure 25. Infant mu 
Figure 24. Change score model estimating infants’ change in receptive vocabulary 
and using point types as the measure of parent pointing. Solid black lines indicate p 
< .05, solid gray lines indicate p < .10, and dotted gray lines indicate p > .10. *** p 




rhythm activity at Time 1 significantly predicted change in mu rhythm activity, as well as 
infants’ vocabulary from Time 1 to Time 2 and from Time 2 to Time 3. The direct effect 
between change in parent point tokens and change in infant mu rhythm activity was 
significant, as was that between change in infant mu rhythm activity and change in infant 
receptive vocabulary from Time 1 to Time 2. However, change in infant mu rhythm 
activity did not predict change in vocabulary from Time 2 to Time 3. The indirect effect 
from change in parent point tokens to change in infant receptive vocabulary from Time 1 
to Time 2, through change in infant mu rhythm activity, was also significant (B=.09, 
p=.02). Results for the model exploring change in infant mu rhythm as a mediator, and 
using parent point types as the measure of parent pointing, can be seen in Figure 26. As 
we saw in the previous model, mu rhythm activity was a significant predictor of change 
in mu rhythm activity, as well as both measures of change in infant receptive vocabulary. 
Change in parent point types predicted change in infant mu rhythm, which in turn 
predicted change in infants’ receptive vocabulary from Time 1 to Time 2. The indirect 
effect was also significant (B=.37, p=.03). In this model, change in parent point types was 
significantly negatively predictive of change in infant receptive vocabulary from Time 2 
to time 3.  
- - - 
In sum, the results from these two models provide evidence that the positive 
relation between changes in parent pointing and infant receptive vocabulary 
development is, in part, mediated by changes to infants’ resonant motor system 








Figure 25. Change score model estimating the mediating effect of change in infant 
mu rhythm activity on the relation between infants’ change in receptive vocabulary, 
using point tokens as the measure of parent pointing. Solid black lines indicate p < 
.05, solid gray lines indicate p < .10. *** p < .001, ** p <.01, * p <.05. Paths with p-







Figure 26. Change score model estimating the mediating effect of change in infant 
mu rhythm activity on the relation between infants’ change in receptive vocabulary, 
using point types as the measure of parent pointing. Solid black lines indicate p < 





Relations with infant age 
 The current study recruited infants from a relatively wide age range (10- to 12-
months) considering the rapid developmental changes that can occur during this time 
period. The following supplemental analysis examines whether child age had an 
influence on any of the key findings reviewed above. Infant age was examined in relation 
to child pointing status at Time 1, parent pointing at Time 1 and Time 2, change in parent 
pointing, infant language at all time points, change in infant language, and all infant EEG 
measures, and there were no significant relations across all of these analyses. 
 
Infant age of pointing 
 If parents reported, at Time 1, that their child had started pointing (N=50), they 
were also asked to report the age at which their child had started pointing. On average, 
parents reported their children to have started pointing at 9.45 months, however this 
ranged from 3 months up to 11.5 months. The lower end of this range is much lower than 
would be expected, as research has shown pointing to emerge in the latter half of the first 
year through the second year of life. Thus, there is likely some error in this measure. 
Pointing age was not related to the measures of parent pointing or infant EEG. There was 
a significant relation between pointing age and infants’ language ability at all three time 
points, however when the infant reported to have started pointing at 3 months was 




Number of days between visits 
 Parent-infant dyads varied in the amount of time between visits (T1 to T2 range: 
27-67 days; T2 to T3 range: 27-51 days). To examine whether the length of time between 
visits could account for any variance in the amount of change parents or infants exhibited 
in their pointing, or mirroring and vocabulary, respectively, the above change score 
models were conducted again including the number of days between as a predictor of 
change. However, the number of days between visits did not predict change in any of 
these variables and thus was not included in the final models. 
 Training group fidelity measures 
 Parents in the training group were asked to fill out a daily log every day in the 
time between their first and second visits. Only three parents did not fill out or return 
their daily log. Each log entry consisted of two yes/no questions and one multiple-choice 
question, as follows: 
 1) Did you play with your child for 15 minutes today?     Yes    No 
 2) Did you point during that time?     Yes    No 
 3) Today my child pointed:     a) Not at all   b) Some   c) Many times 
Data from the logs are summarized in Table 5. If a parent filled out the log they also 
reported having pointed that day, however this ranged from roughly half the training 
period to every day between the two visits. Infants were reported to have pointed at all 
more than half the days of the training, but this also ranged from never pointing to 
pointing every day. However, a large majority of the infants were reported to have 




Not at all, 1 – Some, 2 – Many times, infants scored an average of 0.96 (SD=.59, Range: 
0 – 1.74). 
Table 5. Summary of training group’s daily log data (N=32) 
 Mean (SD) Range 
# Days from Time 1 to Time 2 33.09 (7.36) 27 - 56 
 Mean % days (SD) Range 
Q1. Played for 15 minutes .90 (.11) .57 – 1 
Q2. Parent pointed .90 (.11) .57 – 1 
Q3. Child pointed .63 (.35) 0 – 1 
 
 The measures gleaned from the training logs were examined as potential measures 
of infants’ experience with pointing gestures over the course of the study, similar to the 
measures of change in parent pointing. Specifically, Pearson correlations were calculated 
to examine the relations between the percent of training days that parents pointed and 
infants’ mu rhythm activity at Time 2, as well as with change in their mu rhythm activity 
from Time 1 to Time 2. These analyses focused on that specific measure which was 
identified and utilized in the primary analyses, the activity in the C4 electrode clusters in 
the third (-500ms to 0ms) and fourth (0ms to 500ms) epochs. This was repeated to 
examine relations with the percent of days that the infant pointed and infants’ average 
daily pointing score. No relations were found. 
Parents’ speech 
 There is a large body of work linking parents’ speech with their children and 
children’s language development (Hart & Risley, 1992, 1995; Huttenlocher, Haight, 
Bryk, Seltzer, & Lyons, 1991; Pan, Rowe, Singer, & Snow, 2005; Rowe, 2012). 




with their young children (Rowe, 2000). In the following series of analyses, I examined 
the role that parents’ speech may have played in the observed effects. Measures of 
parents’ speech were extracted from the transcripts of the free-play interactions at both 
Time 1 and Time 2, including their word tokens and word types (as defined in the 
Measures section). At Time 1, parent word tokens was significantly related to their own 
production of point tokens (r=.34, p=.002) and point types (r=.36, p=.001). Parent word 
tokens was not related to infants’ receptive vocabulary at Time 1 nor to infants’ pointing 
status. Parent word types was not related to any measure of parent pointing, infant 
pointing, or infant vocabulary. Further, at Time 1, neither parents’ word types nor word 
tokens were related to infants’ mu rhythm activity. 
 Parents in the training group did increase their production of word tokens 
significantly more than those in the control group (t(70)=2.62, p=.01). In fact, parents in 
the control group saw an average decrease in their word tokens from Time 1 to Time 2 
(M=-9.03, SE=21.72) while parents in the training group saw a large increase on average 
(M=80.46, SE=26.67). However, when substituted into the change score models in place 
of parents’ pointing, parent word tokens was not a significant predictor of infant mu 
rhythm activity, infant receptive vocabulary, or change in either measure. Thus, while the 
training also impacted parents’ speech production, the effects on the infants’ mirroring 
activity and vocabulary development were specific to changes in parents’ production of 
pointing gestures.  
Analyses of observe grasp and execute grasp 
 Relations with pointing experience at baseline. Of the 41 infants with useable 




and 13 were ‘non-pointers’. A RM-ANOVA within the observe grasp condition with 
Region, Hemisphere, and Epoch as within-subjects factors and Pointing Status as a 
between-subjects factor showed no main effect of or interactions with Pointing Status. Of 
the 38 infants with useable EEG data from the execute grasp condition at Time 1, 30 
were pointers and 8 were non-pointers. A similar RM-ANOVA within the execute grasp 
condition did show a main effect of Pointing Status (F(6.24,38.30)=5.86, p=.02, ηp2=.14) 
and an Epoch x Pointing Status interaction (F(2.79,100.32)=4.84, p=.004, ηp2=.12). 
Follow-up non-parametric Mann-Whitney U-tests within each epoch showed that non-
pointers were always showing stronger desynchronization than their pointing peers, and 
this difference was significant in the first epoch (U=39, p=.004) and moderately 
significant in the last epoch (U=66, p=.05). However, with the drastically uneven sample 
sizes, these results should be interpreted cautiously. There were no relations between 
parents’ production of point tokens or point types with infants’ EEG activity during either 
the observe grasp or execute grasp conditions. 
 Relations with language ability at baseline. Pearson correlation analyses revealed 
no significant relations between infants’ neural activity in the Observe Grasp condition 
and their receptive vocabulary (Table 6). In the Execute Grasp condition, there were 
significant negative relations with activity in the Frontal, Parietal, and Occipital regions, 




Table 6. Correlations between infants’ vocabulary and ERSPs during 
observation of a grasping action at Time 1. 
 T1 MCDI Receptive  
T1 MCDI 
Receptive 
F3  C3  
-1500 to -1000 -.10 -1500 to -1000 -.03 
-1000 to -500 -.29~ -1000 to -500 -.13 
-500 to 0 -.02 -500 to 0 .05 
0 to 500 -.11 0 to 500 -.06 
F4  C4  
-1500 to -1000 .09 -1500 to -1000 -.02 
-1000 to -500 -.14 -1000 to -500 .06 
-500 to 0 -.06 -500 to 0 -.06 
0 to 500 -.09 0 to 500 -.02 
P3  O1  
-1500 to -1000 .05 -1500 to -1000 -.14 
-1000 to -500 -.11 -1000 to -500 -.22 
-500 to 0 -.05 -500 to 0 -.31~ 
0 to 500 -.06 0 to 500 -.18 
P4  O2  
-1500 to -1000 -.04 -1500 to -1000 -.05 
-1000 to -500 .001 -1000 to -500 -.05 
-500 to 0 -.15 -500 to 0 -.14 
0 to 500 -.05 0 to 500 -.05 








Table 7. Correlations between infants’ vocabulary and ERSPs during 
execution of grasping actions at Time 1. 
 T1 MCDI Receptive  
T1 MCDI 
Receptive 
F3  C3  
-1500 to -1000 -.32* -1500 to -1000 -.26 
-1000 to -500 -.21 -1000 to -500 -.25 
-500 to 0 -.10 -500 to 0 -.26 
0 to 500 -.06 0 to 500 -.17 
F4  C4  
-1500 to -1000 -.26 -1500 to -1000 -.21 
-1000 to -500 -.11 -1000 to -500 -.23 
-500 to 0 -.12 -500 to 0 -.19 
0 to 500 -.24 0 to 500 -.14 
P3  O1  
-1500 to -1000 -.21 -1500 to -1000 -.38* 
-1000 to -500 -.15 -1000 to -500 -.31~ 
-500 to 0 -.25 -500 to 0 -.32~ 
0 to 500 -.09 0 to 500 -.32* 
P4  O2  
-1500 to -1000 -.31~ -1500 to -1000 -.13 
-1000 to -500 -.29~ -1000 to -500 -.03 
-500 to 0 -.42** -500 to 0 -.16 
0 to 500 -.37* 0 to 500 -.07 





 Effect of training. RM-ANOVAs were conducted within each condition, with 
Region (Frontal, Central, Parietal, Occipital), Hemisphere (Left, Right), and Epoch (-
1500ms to -1000ms, -1000ms to -500ms, -500ms to 0ms, 0ms to 500ms) as within-
subjects factors, and Training Group (Training, Control) as a between-subjects factor, 
with interest specifically in whether there was a main effect of training or any interactions 
with training group. There were no such effects for the Execute Grasp condition. Results 
for the Observe Grasp condition, however, revealed a moderate Region x Training Group 
interaction (F(2.05, 81.96)=2.41, p=.09, ηp2=.06), and a moderate Hemisphere x Epoch x 




across groups (via t-test) within specific regions, hemispheres, and epochs showed 
significant differences for either the observe grasp or execute grasp conditions. There 
were no relations between change in parent pointing and mu rhythm activity in either the 
Execute Grasp or Observe Grasp condition at Time 2. Lastly, when mu rhythm activity 
during the execute grasp or observe grasp conditions was substituted into the change 






Chapter 5:  Discussion 
The overarching goal of the current study was to examine activity the MNS 
during observation of gestures as a neural correlate for understanding gestures and its role 
in early communicative development. The current study aimed to 1) examine whether 
infants would show similar MNS activity when observing a communicative gesture, 
specifically pointing, as they do when observing a typical object-directed action, 2) 
examine the relation between infants’ MNS activity and their communicative skill, both 
in terms of gesture and vocabulary, and 3) examine the effect of experience on MNS 
activity and potential subsequent effects on developing communicative skills. To address 
these aims, infants’ MNS activity during observation of pointing and grasping was 
assessed at age 10- to 12-months, as was their pointing experience (measured as both 
their own pointing production and their parents’), and language ability. The EEG mu 
rhythm was utilized as the measure of infants’ MNS activity, as previous research has 
shown it to be a reliable and valid index of sensorimotor activity and that it is modulated 
both when one performs an action oneself and when watching another perform an action 
(Fox et al., 2016). Half of the parent-infant dyads then received a parent-directed training 
aimed at increasing parents’ use of pointing gestures with their child, half received no 
training. One month after the training, parent pointing, infant pointing and vocabulary, 
and infant MNS activity were reassessed. Infant vocabulary was measured again one 
month after the first follow-up. 
The results indicated that infant’s do exhibit MNS activity during observation of 
communicative gestures. Relations between infants’ MNS activity and their pointing 
experience or language ability did not appear at the first time point. However, post-




EEG mu rhythm, and relations with their growing receptive vocabulary. Further, 
individual differences in the amount of change parents’ exhibited in their pointing 
production predicted increases in infants’ MNS activity from pre- to post-training, which 
in turn predicted concurrent increases in infants’ receptive vocabulary. These findings 
suggest that neural mirroring activity plays a mediating role in the relation between 
infants’ exposure to gestures and their language development. A more detailed discussion 
of the findings is presented below. 
Mirroring Activity during Observation of Pointing Gestures 
 In line with the initial hypothesis, infants in this study did exhibit mirroring 
activity during observation of pointing gestures at the baseline – Time 1 – visit. This 
activity was focused primarily during the period when the experimenter’s arm was 
moving, likely the most motorically salient part of the action. As expected, the mu 
rhythm desynchronization was strongest and most sustained in the execute grasp 
condition. There were significant differences in both the strength and timing of the mu 
rhythm activity between the execute and observe conditions, however, as predicted, there 
were topographic and temporal similarities in mu rhythm activity between the observe 
grasp and observe point conditions. This finding suggests that the MNS system is 
similarly recruited during observation of non-communicative actions and communicative 
gestures, in infancy. 
 Previous research has examined and found mu rhythm desynchronization in adults 
during observation of communicative gestures (e.g., Avanzini et al., 2012; Quandt et al., 
2012; Schippers et al., 2009). This is among the first evidence that the same neural 




intentional communicative skills, observe communicative gestures, and provides further 
support for the theoretical bases of this study, that similar recognition and interpretation 
processes are recruited during the observation of both actions and gestures (Rizzolatti & 
Arbib, 1998; Woodward, 2004).  
Baseline Relations between Mirroring Activity, Gesture Experience, and Language  
 Contrary to my prediction, infants’ mu rhythm desynchronization during 
observation of pointing was not related to their experience with pointing gestures, at the 
baseline – Time 1 – visit, however, it is worth noting the limitations of the measures of 
infant pointing. Very few infants pointed at all during the free-play so I was not able to 
use a continuous measure of infants’ first-hand pointing experience. In contrast, parents 
reported over half of the infants (n=55) to have started pointing by the Time 1 visit. The 
free-play was likely not well suited to elicit points from infants as all of the toys were 
within reach of the child. Our comparison of those infants who were reported to have 
started pointing with their non-pointing peers showed no group differences in their mu 
rhythm activity. Brune and Woodward (2007) found evidence that 9- to 11-month-old 
infants who were characterized as pointers were more likely to associate a pointing 
gesture with a specific referent, interpreted as their understanding of the link between the 
gesture and the referent. Their study also relied on parent report. It is also possible that 
there is a threshold for experience before which differences in mirroring activity might 
not be exhibited. In an as of yet unpublished study using a similar EEG paradigm to 
measure infants’ neural activity during observation of gestures, a more nuanced measure 
of infant pointing was found to relate to infants’ motor system activity (Salo et al., in 




sometimes, or often. The only group to show significant mu rhythm desynchronization 
during observation of points was the infants who were reported to point often, that is 
those with the most first-hand experience pointing. Thus, it is possible that the 
dichotomous measure used in the current study was not sensitive enough to capture 
potentially informative differences in infants’ pointing experience. 
 There were also no relations between the continuous measures of parent pointing 
and their infants’ mu rhythm desynchronization to pointing, at Time 1.The majority of 
the research linking experience with strength of motor system activation has focused on 
first-hand experience, however, I anticipated that infants’ observational experience with 
points would also be related to their mu rhythm activity. A recent study (de Klerk et al., 
2016) indeed found evidence that pre-walking infants exhibited mu rhythm 
desynchronization to videos of other infants walking, suggesting there may be an effect 
of observational experience. However, when comparing baseline measurements no such 
relation was found.  
 Based on research that has found relations between individual differences in 
infants’ mu rhythm desynchronization and concurrent high-order social cognitive skills, 
such as imitation (Filippi et al., 2016), I predicted to find a relation between mu rhythm 
desynchronization and infants’ language skill such that infants with stronger mu rhythm 
desynchronization would also have larger vocabularies, at baseline. In this case, there 
was a pattern of activity that trended in support of this hypothesis. There was a significant 
negative relation between infants’ mu rhythm activity during observation of a point and 
their receptive vocabulary at Time 1. This significant relation was specific to the epoch    




activity in the last two epochs of interest, those immediately surrounding the completion 
of the point, followed the same pattern but were not significant. While conjectures could 
be made about the left hemisphere being linked with language processing in the brain, no 
specific hypotheses as such were set out from the beginning, so it would be just that. 
Predictive relations with their later vocabulary growth was found with activity over the 
right hemisphere. This is the first study to link MNS activity with early language 
development, thus more work is needed to explore and determine whether there is 
topographic specificity in the relation between mirroring activity and an infants’ growing 
vocabulary. 
Effect of Training on Mirroring Activity 
 
The Pointing to Success training was effective at increasing parents’ pointing with 
their infants. Parents in the training group produced significantly more point tokens and 
point types at follow-up than parents in the control group, and also exhibited greater 
change from Time 1 to Time 2 in both point tokens and point types. Again, due to the 
lack of infants’ pointing during the free-play at either time point, I was unable to assess 
the effect of the training on infants’ own pointing production. However, as predicted, 
there was both a group level and incremental effect of the training on infants’ MNS 
activity. Specifically, infants in the training group showed stronger mu rhythm 
desynchronization during observation of a point after the training period than their peers 
in the control group. In fact, mean mu rhythm activity was negative for the training 
group, indicating desynchronization and activation of the sensorimotor cortex, whereas 




of the expected pattern. The comparison of change in infants’ MNS activity from Time 1 
to Time 2 yielded the same result, such that infants in the training group exhibited greater 
negative change in mu rhythm desynchronization as compared to the control group. 
While infants in the training group showed the strongest desynchronization in the earliest 
epoch of interest, when the action was starting, the difference across groups was greatest 
in the last two epochs, the period during which the experimenter completed and held the 
point. This is the part of the action when the final goal-state is reached. Thus, infants in 
the control group seemed to show a rebound of the mu rhythm activity prior to the action 
completion, whereas infants in the training group showed a more sustained pattern of 
activity that lasted beyond the most motorically salient period (when the experimenter’s 
arm was moving) and through the part of the action that would require the most 
understanding and interpretation of the actors’ intention. While this temporal pattern was 
not originally hypothesized, it provides further support for the theoretical links between 
mirroring and action/gesture understanding. Further, studies with adults have found a 
sustained pattern of activity such that the mu rhythm remains desynchronized throughout 
the entire action and does not rebound until after the action is completed or the goal state 
is reached (Avanzini et al., 2012). Future work would benefit from further examining the 
relation between individual differences in experience and temporal patterns in mirroring 
activity. 
Change score modeling was employed in order to look at changes in infants’ 
MNS activity as a function of changes in parents’ pointing. Using FIML, these models 
harness the power of the full sample of 81 infants by using all of the information 




data at all time points. Both changes in parents’ point tokens and changes in parents’ 
point types significantly predicted changes in infants’ mu rhythm activity from Time 1 to 
Time 2. These continuous relations explained the group differences found between the 
training and control group. Thus, increasing infants’ observational experience with 
pointing gestures increased the response of the mirroring system during observation of 
points. This suggests that through increased experience the infants in the training group 
were building a more robust internal representation of pointing gestures. The 
supplemental analysis of the other two conditions from the EEG task, observe grasp and 
execute grasp, show that these training effects are specific to the observe point condition. 
Experience with specific actions leads to greater understanding of those actions in infants 
(Cannon et al., 2012; Sommerville et al., 2005) and stronger mu rhythm 
desynchronization during observations of those actions in adults (Orgs et al., 2008). 
Experimental paradigms have been used previously to examine the effect of experience 
on the mu rhythm, but mostly in adults and only with non-communicative actions (e.g., 
Cannon et al., 2014; de Klerk et al., 2015). This is the first evidence that the MNS can be 
bolstered through experimentally increased experience with communicative gestures in 
infancy. Further, the experience we were able to measure in this study is observational. 
The continuous relation between changes in parent pointing and infant mirroring activity 
speak to the effect being driven, at least in part, by an increase in the infants’ second-
hand, observational experience with pointing gestures. It is possible that the group 
differences in mu rhythm activity were actually, or in part, caused by an effect of the 




pointing production, is needed to examine whether the effects seen here are better 
explained or perhaps moderated by changes in infants’ own pointing production. 
Effect of Training on Communicative Skill 
 There was no direct effect of training group on changes in infant’s vocabulary, 
however there was a moderately significant direct effect of change in parent pointing, 
both tokens and types, on change in infants’ receptive vocabulary from Time 1 to Time 2. 
This relation was positive, such that parents who exhibited a greater increase in their 
pointing production had infants who exhibited a greater increase in their receptive 
vocabulary over that same time period. The indirect effect of training through the effect 
of change in parent point types was also moderately significant. Surprisingly, there was a 
moderately negative relation between change in parent pointing and change in infants’ 
vocabulary from Time 2 to Time 3, the month following the training period. The 
advantage infants’ experienced due to changes in their parents’ pointing does not some 
seem to sustain and in fact reverses. Infants in the training group may have seen a boom 
in their vocabulary growth when their parents’ started pointing more with them, and that 
initial period of growth likely dropped off over the next month. In fact, infants in the 
control group showed slightly greater change in their vocabulary from Time 2 to Time 3, 
although this difference was not even moderately significant. Parents in the control group 
were not told about the pointing training until after the third time point and final 
vocabulary measure, however it is possible that they naturally increased their own 
pointing production with their children in that final month. It is possible that this study 
simply shifted a normal developmental pattern slightly earlier for those in the training 




pointing behavior and infants’ developing language skills would be needed to examine 
this as a possible explanation for the reversal observed herein. 
Mirroring Activity as a Mediator 
 Given the findings for an effect of training on both infant MNS activity and 
receptive vocabulary, I then sought to examine whether changes in the MNS mediated the 
relation between parent pointing and infant vocabulary. In line with my hypothesis, over 
the Time 1 to Time 2 period, change in parent pointing predicted change in MNS activity, 
which in turn predicted change in infants’ receptive vocabulary. The indirect effect of 
change in parent pointing on change in infant vocabulary through changes in infant MNS 
activity was significant, indicating a mediating effect of mirroring. Interestingly, change 
in mirroring activity did not predict later change in infants’ vocabulary, only concurrent 
change. However, infants’ mirroring activity at Time 1, baseline, significantly predicted 
change in infants’ vocabulary over the course of the study. That is, the relations between 
infants’ mirroring activity at baseline and their change in receptive vocabulary from Time 
1 to Time 2 and from Time 2 to Time 3 were both significant, such that stronger 
mirroring was related to a larger increase in vocabulary. Therefore, despite the lack of a 
sustained effect of the training in the current study, these findings provide evidence that 
the mirroring system, particularly as it is activated during observation of gestures, 
supports infants’ receptive vocabulary development.  
Limitations and Future Directions 
 While the current study and results are promising, there are several limitations to 




grow our understanding of the role of action understanding, gestures, experience and the 
mirroring system in infants’ communicative development. The greatest limitation of the 
current study was in the measurement of infants’ own pointing production. I believe the 
lack of infants’ pointing was a direct consequence of the physical set-up of the free-play 
interaction. All of the toys were laid out on the floor and, while they were some distance 
apart, the infants could easily crawl to whatever toy drew their attention. That is, they did 
not need to communicate with their parent. Other studies that have had success eliciting a 
range pointing behavior from infants in this same age range tend to have some toys 
available to the child and many other interesting toys and objects out of the child’s reach 
so that they must draw their parent’s attention to the objects through gesture or language. 
This was an unfortunate oversight in the current work, but future work with better 
measures of infant pointing production could help to elucidate how infants’ first-hand 
experience with gestures might influence the trajectory of effects seen here.  
 Identification of the specific epochs in which the experimental effects were 
strongest was exploratory in the current study. Group differences were greatest, and thus 
relations with experience were strongest, in the epochs immediately surrounding the 
completion of the point. In the case of the pointing gesture, the communicative goal is not 
clear until the final moment. The arm movement toward an object can look very similar 
for both a grasping action and a pointing gesture, however the final movement of the 
hand and its relation to the object is the part of the action that differentiates and requires 
further understanding. While the timing effect aligns with the theoretical underpinning 
for the current study, it is important to see if the temporal specificity can be replicated. 




differences in experience with certain actions is related specifically to individual 
differences in mirroring activity during the goal state of the action.  
The negative relations between change in parent pointing and infants’ later 
vocabulary change (from Time 2 to Time 3) was unexpected and warrants follow-up. I 
have offered one possible explanation, that the training effectively shifted a typical 
pattern of vocabulary growth slightly earlier and that the negative relation seen simply 
reflects a drop-off of the positive training effect not a reversal. However, further 
investigation is needed to gain a more robust understanding of the short and long term 
effects of the Pointing to Success training. In that vein, measuring mirroring activity at 
the third time point might have helped to explain the pattern of changes in receptive 
vocabulary.  
Lastly, the current study only captures change and development over a very brief 
and specific time period – future work should examine how and whether the role of 
experience and mirroring change in their relations to communicative development 
throughout the lifespan. Through both longitudinal and cross-sectional designs, several 
questions could be examined including, but not limited to, whether there is a maximum 
threshold for the positive effects of experience on mirroring and understanding, how 
different types of gestures (deictic, conventional, or representational) elicit mirroring 
responses, and whether MNS activity in response to different types of communicative 
acts differs at various stages of communicative development. For example, there is work 
with adults (Di Cesare et al., 2017; Egorova et al., 2016; Hauk et al., 2004; Moreno et al., 
2015, 2013) and toddlers (Antognini & Daum, 2017) showing MNS activity during 




responsive to spoken language. It would be interesting to compare activity to gestures and 
activity to speech in infants and throughout early years of language development. In 
addition, the studies above all focus on action-related language (verbs and action 
phrases). Evidence of mirroring during non-action-related speech would indicate an even 
more complex link between the MNS and language. 
Conclusions 
The current study aimed to examine the developmental relations between action 
understanding and communicative development, and to elucidate the processes 
underlying these early social cognitive milestones in infancy. Understanding what 
mechanisms play a role in infants’ language development is particularly important during 
this age, that is, around the end of the first year, as this is when infants’ ability to 
intentionally communicate with others through language really begins to emerge. And the 
rate at which infants’ vocabulary grows in the first few years of life is an important 
predictor of later social and academic success. In this study, I examined the theory that 
the MNS subserves or supports communicative development, specifically mirroring 
activity during the observation of gestures. Indeed, the results provide evidence for the 
theorized developmental trajectory from action understanding to language development 
through the understanding of gestures, and that the MNS is a neural correlate for this 
cascade of development. I found evidence that increasing infants’ observational 
experience with gestures strengthens their internal representation thereof, as measured by 
their mirroring activity, which can in turn have a positive impact on their language 




support social cognitive and communicative achievements and growth in the first few 





Appendix A. Questionnaires 










Child Development Laboratory 
Department of Human Development, University of Maryland, College Park, MD 20742 
 




1. I would identify my child’s sex as:  2.  My child’s date of birth is  ______/________/________ 
 _____ Male 
 _____ Female 
 
3. I would identify my child’s ethnicity as:  4. I would identify my child's race as: 
 _____ Hispanic or Latino    _____ American Indian/Alaska Native 
_____ Non-Hispanic or Latino    _____ Asian 
_____ Native Hawaiian or Other Pacific Islander 
_____  Black or African American 
_____  White  
_____      More than One Race _________________________ 
_____  Other: _____________________________ 
 
PARENT 1 Info: 




7. My relationship to my child is (Parent 1): 8. A. Occupation: ____________________________   
 (circle one)  
Biological Mother        B. Hours per week _________________________  
Biological Father         
Other _______________________ 
 If other, are you the child’s legal guardian? (Circle One)       Yes  No 
  
9. I (Parent 1) would identify my ethnicity as: 10.  I (Parent 1) would identify my race as: 
 
 _____ Hispanic or Latino    _____ American Indian/Alaska Native 
_____ Non-Hispanic or Latino   _____ Asian 
      _____ Native Hawaiian or Other Pacific Islander 
_____  Black or African American 
_____  White  
_____      More than One Race _________________________ 
_____  Other: _____________________________ 
11. My (Parent 1) highest educational level is: 
_____ Before high school diploma 
_____ GED 
_____ High school diploma 
_____ Some college 
_____ 2 year or professional degree  
_____ 4 year college degree 






Child Development Laboratory 
Department of Human Development, University of Maryland, College Park, MD 20742 
 
PARENT 2 Info: 




14. My relationship to my child is:  15. A. Occupation: ____________________________   
 (circle one)  
Biological Mother          B. Hours per week _________________________  
Biological Father 
Other _______________________ 
 If other, are you the child’s legal guardian? (Circle One)       Yes  No 
  
16. I (Parent 2) would identify my ethnicity as: 17.  I (Parent 2) would identify my race as: 
 
 _____ Hispanic or Latino    _____ American Indian/Alaska Native 
_____ Non-Hispanic or Latino   _____ Asian 
      _____ Native Hawaiian or Other Pacific Islander 
_____  Black or African American 
_____  White  
_____      More than One Race _________________________ 
_____  Other: _____________________________ 
 
18. My (Parent 2) highest educational level is: 
_____ Before high school diploma 
_____ GED 
_____ High school diploma 
_____ Some college 
_____ 2 year or professional degree  
_____ 4 year college degree 
_____ Advanced degree 
 
 







Child Development Laboratory 
Department of Human Development, University of Maryland, College Park, MD 20742 
 
CHILD HOME AND CARE Info: 
20. Who lives in the child’s household?  Please include yourself and the child. 
First Name Relationship to Child Age Sex 
    
    
    
    
    
    
    
    
 




           b. If yes, which of the following best describes your current childcare arrangement? 
            _____ Relative (other than parent) cares for child 
            _____ Child care provider in child’s own home 
            _____ Child care provider out of child’s home (unlicensed) 
            _____ Licensed family day care 
            _____ Day care center 
            _____ Other (please describe): _________________________________ 
 
c. If yes, about how many hours per week does your child spend in childcare? 











Appendix B. Pointing to Success Training Materials 








x Pointing is important for babies to 
learn language. 
x Babies learn to point first by 
watching others, so the more you 
point the more your baby will point 
too! 
x By pointing in a variety of different 
settings, labeling while you point, 
and encouraging your child to point 
you can give your child the 
















The early experiences babies and 
toddlers have at home with you 
will help them grow and learn. 
That means that what you do as a 
parent to shape the early 
experiences for your child can have 




Have questions or comments? 






































When to Point:  
• While reading – point to and label 
pictures in the book. 
 
•  During play time – you can point to 
and talk about the toys with your child.  
 
• Anytime throughout your day! 
- At the park or playground 
- At the grocery store 
- Walking around the neighborhood  
 
 
What YOU do  
is just as important as what 
your child is doing to help 
them 
learn and communicate. 
Important Tips:  
• Remember to talk while pointing! 
- Labeling helps your child connect the 
word with the object and to grow his or 
her vocabulary. 
 
• Encourage your child to point! 
- Ask questions like “Where is the red 
block?” and give positive feedback by 
saying something like, “Good job 
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